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Herein we report on a novel pH-responsive phosphorescent probe based on cyclometalated 

iridium(III) complex. To prevent oxygen quenching of phosphorescence and to improve the 

probe biocompatibility, the complex is covalently conjugated with a water-soluble block-

copolymer that also increases its pH sensitivity. The resulting polymeric nanoprobe 

demonstrates a strong response of the phosphorescence lifetime onto pH variations in 

physiological range. Cellular experiments with Chinese hamster ovary (CHO-K1) cells show 

the predominant internalization of the probe in acidified cell compartments, endosomes and 

lysosomes. The analysis of phosphorescence lifetime imaging microscopy (PLIM) data 

confirms applicability of the sensor for monitoring of intra- and extracellular pH in cell 

cultures. 

1. Introduction 

pH is a key physiological parameter of biological systems, which regulates a wide range of 

processes at cell level both in healthy and abnormal tissues. The synthesis and degradation of 

biomolecules as well as traffic of biocomponents may effectively occur only at specific pH 
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values,[1,2] and deviations from the ones «normal» for the corresponding 

organs/tissues/cells/cell compartments indicate their dysfunctions such as renal failure,[3] 

cancer[3,4] or apoptosis.[5] Furthermore, response to therapies may be also assessed by the 

measurements of intra- and/or extracellular pH[6,7] that provides important pharmacological 

information. Therefore, real time monitoring of pH in biological samples is of critical 

importance both for the fundamental biology and experimental medicine as well as for 

diagnosis of various diseases. In this field optical sensors based on the luminescence response 

to variation in pH are the most convenient tools, in particular, for obtaining information at 

microscopic level because this technique is non-invasive, displays high spatiotemporal 

resolution, shows reversible response that makes possible real time monitoring of the target 

parameter.[8–11] So far, the majority of the sensors used to monitor intra- and extracellular pH 

are the fluorescent molecular probes containing pH-sensitive functional groups in the nearest 

environment of the chromophore.[8,11] There are three major modalities to acquire the probe 

response onto variations in pH, namely, emission intensity in absolute and ratiometric 

modes[12–14] and lifetime measurements.[15] Two former approaches are based on observations 

of the sensor signal intensity and therefore suffer from the dependence of their results on the 

optical properties of the samples under study. This is particularly relevant to the absolute 

mode, the readings of which depend not only on pH, but also on the concentration of the 

probe that can significantly impair the accuracy of determined pH values at a quantitative 

level. Ratiometric fluorescent pH sensors of various nature (small molecules, nanoparticles, 

metal-organic frameworks, genetically encoded fluorescent proteins) are now widely used in 

biological research,[15–19] where small molecules-based sensors dominate because they are 

relatively inexpensive, convenient to handle, readily internalize in cells, and allow targeted 

chemical design for application in the studies of different biosamples.  

On the contrary, the latter mode based on emission lifetime is independent of the biasing 

factors typical of emission intensity measurements and is now getting an important way to 

detect the sensor response onto target external stimuli. In the recent decade the development 

of time-resolved luminescent microscopy (for example, fluorescence-lifetime imaging 

microscopy (FLIM) technique[20–23]) made possible application of fluorescent probes in 

quantitative analysis of key physiological parameters in living cells. FLIM pH sensors 

constitute a considerable part of this family and include small organic molecules[15,17,24–26] and 

genetically encoded fluorescent proteins.[18,27–30] However, similar to many other fluorescent 

probes these sensors have some inevitable drawbacks related to their natural photophysical 

properties, namely, small Stokes shift, which results in the interference of background 
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emission, and low bleaching stability. The both shortcomings can be overcome by using the 

phosphorescent emitters, which display inherently large Stokes shifts, high bleaching stability 

and commonly provide rich opportunities for modification of their photophysical and physico-

chemical properties. Additionally, phosphorescence lifetime in microsecond domain ensures a 

wider interval of measurable values together with more convenient and less expensive ways to 

carry out data acquisition compared to the measurements of nanosecond lifetimes typical for 

fluorescent emitters. These considerations attract growing attention to the phosphorescent 

transition metal complexes as potentially applicable sensors for a wide range of bio-

environment characteristics, see recent reviews.[29,31,32] Nevertheless, it is worth noting that 

their luminescence can be effectively quenched by molecular oxygen that is determined by the 

triplet-triplet energy transfer between the ground state of the O2 molecule and the excited state 

of phosphorescent emitters. For this reason, to date, phosphorescent complexes have been 

predominantly used as a major instrument for monitoring of oxygen concentration in 

biological systems[33–37]. The phosphorescent complexes containing pH-responsive functions 

(-COOH, -NR2, -OH) in the ligand environment may also display the response of luminescent 

characteristics (intensity, lifetime) to media pH variations and thus can be used as pH 

sensors.[33,38–45] However, the inherent sensitivity of the phosphorescent pH sensors to 

molecular oxygen inevitably results in the crosstalk between two external stimuli (O2-pH), the 

both may considerably vary in live biological objects. The examples of the phosphorescent 

pH sensors application in biological studies[38,39,45–48] either demonstrate their application as 

on/off indicators in a certain pH interval[39,46,47] or implicitly assumed an even oxygen 

distribution across the sample and its pressure equal to that in the system used for the sensor 

quantitative calibration.[38,45,48] This is not necessarily true for living biological systems that is 

clearly mentioned in one of these publications.[45] To avoid this biasing crosstalk, it is possible 

to use pH sensitive emitters based on lanthanide complexes,[49–52] the emission of which is not 

quenched by oxygen and show both large Stokes shift and long lived (102-103 µs) emission. 

Nevertheless, it is hard to use the lanthanide complexes in physiological media because many 

of them suffer from strong emission quenching with water molecules that considerably 

complicates weak signal detection. Moreover, in the case of experiments performed in 

phosphorescence lifetime imaging (PLIM) mode so large lifetimes (up to a few ms) hamper 

real time-data acquisition in living biosamples. 

In our study, we decided to use the phosphorescent iridium complexes showing strong 

lifetime dependence on pH in physiologically relevant interval as practically applicable 

lifetime-based biosensors. To eliminate the crosstalk of pH response with the variations in 
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oxygen concentration, the sensor’s chromophore has been embedded into polymeric 

nanospecies permeable for protons and impermeable for oxygen molecules. The obtained 

nanosensor displays strong response of the phosphorescence lifetime onto pH in the 

physiologically important interval and negligible response to other physiological parameters 

such as oxygen concentration, salinity, the presence of Ca2+ and Mg2+ cations. It was also 

demonstrated that the presence of biomacromolecules such as fetal bovine serum (FBS) 

increases the lifetimes values but does not significantly change the probe sensitivity that made 

possible to use the calibration curve built up in the cultural media for determination of the 

intercellular pH values.  

 

2. Results and discussions 

2.1. Iridium(III) complexes: synthesis and photophysical studies 

2.1.1. Synthesis and characterization of complexes 

The heteroleptic cationic Ir(III) complexes of the [(N^C)2Ir(N^N)]+ type have been 

synthesized by a standard methodology[42,53–55] (Scheme 1): N^C = methyl 2-

phenylquinoline-4-carboxylate; N^N = 4-(2-(3-bromophenyl)-1H-imidazo[4,5-

f][1,10]phenanthrolin-1-yl)benzoic acid (Ir-OMe), 2,5-dioxopyrrolidin-1-yl 4-(2-(3-

bromophenyl)-1H-imidazo[4,5-f][1,10]phenanthrolin-1-yl)benzoate (Ir-Su). The ester groups 

in the cyclometalated ligands of Ir-OMe were hydrolyzed in the presence of sodium 

carbonate to give the water-soluble complex Ir-ONa, protonation of which with the 

hydrochloric acid leads to the formation of the Ir-OH complex.  

 

Scheme 1. Synthesis of the iridium(III) complexes. 
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The N^N ligands and complexes were thoroughly characterized by NMR spectroscopy, mass-

spectrometry, and elemental analysis, see Experimental and Figure S1-S11 (Supporting 

Information). According to the spectroscopic data obtained, the general structural motif of 

these iridium complexes corresponds to the “classic” environment of the metal center: the 

octahedral geometry of Ir(III) is formed by two cyclometalating ligands with cis-oriented Ir–C 

bonds and one N^N ligand in the trans position relative to the carbon atoms of the N^C 

chelates. The DFT optimized structures (Figure 1) agree with the spectroscopic data, and the 

corresponding structural patterns shown in Scheme 1. 

 

 

 

 

 

 

 

 

 

  

Figure 1. Optimized structures of iridium(III) complexes.  

2.1.2. Photophysical study of complexes 

Photophysical properties of the complexes were studied in methanol and aqueous (in the case 

of Ir-ONa and Ir-OH) solutions. The numerical data are summarized in Table 1, excitation 

and emission spectra are shown in Figure 2, absorption spectra are shown in Figure S12 of 

the Supporting Information.  
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Figure 2. Excitation and emission spectra of iridium complexes (Ir-Su, Ir-OMe, Ir-ONa, Ir-

OH) in methanol and water solutions, 298K. 

Table 1. Photophysical properties of complexes in methanol and aqueous solutions, 298K.  

 λabs  (ε*10
-3 [l*mol-1*cm-1]) 

[nm] 

λexc 

[nm]a) 

λem 
[nm]b) 

Фaer/deg
 b)

 

τaer/deg 

[µs] a) b) 

Methanol solution 

Ir-OMe 
270 (92), 282 (89), 340 (39), 363 (30), 
400sh (16), 467 (5.5)  

273, 283, 341, 365, 
403, 466 

660 0.03/0.05 0.14/0.24 

Ir-Su  
268 (90), 287sh (81), 346 (28), 363 (27), 
400sh (12), 463 (4) 

287, 342, 363, 463 660 0.07/0.11 0.14/0.24 

Ir-ONa  
277 (83), 330sh (32), 366sh (22), 397sh 
(11), 441 (6) 

274, 330, 441 600 0.09/0.30 0.43/1.61 

Aqueous solution 

Ir-ONa 
(pH = 8)  

273 (90), 330sh (37), 366sh (22), 394sh 
(13), 436 (8) 

273, 330, 436 620 0.03/0.04 0.25/0.32 

Ir-OH 
(pH = 3) 

279 (61), 346 (28), 396sh (13), 456 (5.5) 282, 336, 448 660 0.01/0.02 0.12/0.15 

a)measured at λem = 650 nm; b)λexc = 351 nm.  

In methanol solution, the obtained complexes display strong high-energy absorption band at 

ca. 300 nm and two lower-energy shoulders (ca. 350 and 450 nm) at the band tail extending 

up to 550 nm. DFT analysis of the transitions observed in these spectra shows that for the 

complexes containing non-ionisable –C(O)OMe groups in the N^C ligands (Ir-OMe, Ir-Su) 

the character of the high and low energy absorption bands are represented by a complex 
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mixture of the ligand centered (1LC, (N^C)), interligand (1LLCT, (π(N^C)→π*(N^C')), and 

metal-to-ligand (1MLCT, d(Ir)→π*(N^C)) transitions with the excited states localized mainly 

at the aromatic systems of the N^C ligands, see Figure S13-S16, Table S1-S8, Supporting 

Information. From the viewpoint of interpretation of the chromophore spectroscopic response 

onto variations in pH, it is of essential interest to compare the nature of singlet transitions in 

the Ir-ONa, Ir-OH complexes, which are the counterparts of the deprotonation/protonation 

reactions in aqueous media. Analysis of the computational results (see Figure 3, Figure S17-

S21, Table S9-S17, Supporting Information) revealed substantial difference in the excited 

state character in these species. The behavior of the protonated Ir-OH molecule is essentially 

similar to that of the non-ionisable chromophores where one can observe negligible 

participation of the N^N ligand orbitals in generation of the singlet excited states. On the 

contrary, in completely deprotonated Ir-ONa species the charge transfer from the metal ion 

and N^C ligands orbitals to the N^N ligand proved to play a key role in the lowest energy 

transitions and determines the character of these singlet excited states. For the sake of 

comparison, we also performed calculations for the partly protonated Ir-OH/ONa species 

(Figure 3_top) that indicate that the character of the lowest excited state for partly protonated 

chromophore is closer to that found for completely protonated Ir-OH species. The excited 

state transformation upon deprotonation of the carboxylic group is evidently associated with 

the difference in the donor properties of the carboxylic group and its deprotonated form 

(carboxylate anion); the former is a moderate electron-withdrawing group with both negative 

mesomeric (-M) and inductive (-I) effects, whereas the latter demonstrates weak +I effects.[54] 

All complexes demonstrate emission in the orange to red spectral region with large Stokes 

shift, lifetime in microsecond domain, and substantial emission quenching by molecular 

oxygen (Figure 2 and Table 1) that indicate luminescence from triplet excited states, i.e., 

phosphorescence. According to the results of the DFT and TD DFT calculations emission in 

the complexes Ir-OMe, Ir-Su, and Ir-OH occurs from the triplet state of the mixed character 

(3LC, 3ILCT, and 3MLCT) with predominant localization at the N^C ligand orbitals (Figure 

3_bottom, Figure S21-S22, Table S18-S23, Supporting Information). Similar to the variations 

in the nature of the lowest singlet excited state, vide supra, the Ir-ONa complex with 

deprotonated carboxylic groups displays emissive transition from the triplet excited state 

localized mainly at the N^N ligand (Figure 3_bottom, Figure S21, Table S19, Supporting 

Information. 
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Figure 3. Electronic density transfer (blue – depletion, red – increase) in the S0-S1 and T1-S0 

transitions of protonated (Ir-OH), partially deprotonated (Ir-OH/ONa) and fully 

deprotonated (Ir-ONa) complexes. 

The positive solvatochromism of Ir-ONa emission when methanol is replaced by highly polar 

aqueous media also indicates a significant contribution of charge transfer character into 

emissive excited state (Figure 2).[56–58] It is also worth noting that deprotonation reaction is 

accompanied by a blue shift of emission band maximum and considerable changes in the 

emission intensity and lifetime values (Figure 4) that is indicative of potential applicability 

of these complexes for monitoring of pH variations in aqueous solutions both in the intensity 

and lifetime modes. 

The dynamic equilibrium between Ir-ONa and Ir-OH in aqueous solutions obviously 

depends on the concentration of protons providing pH-dependent emission intensity in the 

physiologically relevant range (Table 1, Figure 4a), similar to the previously studied 

analogues.[42,54,59] Emission decay measured at the wavelength of ca. 650 nm (the 

intermediate point between the maxima of emission bands corresponding to protonated (Ir-

OH) and deprotonated complexes (Ir-ONa)) can be fit with monoexponential function to 
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give a clear dependence of the lifetime on pH in the range 2.0 – 9.0 with the lifetime values 

(τ) variations from 0.11 µs to 0.31 µs for aerated solution and the pKa value of ca. 6.5. 

(Figure 4b, Table S24, Figure S23, Supporting Information). It should also be mentioned that 

in biologically relevant pH range (5.0 – 8.0) the dependence is nearly linear (Figure 4b). 

 

Figure 4. a) Emission spectra of the complex Ir-ONa in citrate-phosphate buffer solution at 

different pH values, 298 K, λexc = 365 nm. b) Lifetime vs pH graphs in aerated (red spots) and 

deaerated (green spots) PB and CB solutions measured at λem = 650 nm, 298 K.  

Not surprisingly, the emission lifetime and intensity of Ir-ONa also depends on the presence 

of molecular oxygen, which is a natural quencher of phosphorescent emitters. Figure 4b 

shows that the difference in the lifetimes of aerated and deoxygenated solutions of Ir-ONa in 

the pH range 5.0 – 8.0 may amount up to 35% under basic conditions that is unacceptable for 

quantitative pH determination in complex biological systems with unpredictable content of 

oxygen.  

To solve the key problem of the phosphorescent pH sensors, i.e., to protect the chromophore 

from quenching by oxygen, we decided to covalently conjugate the pH sensitive emitter to 

water-soluble block-copolymer, which could form a kind of shell around the chromophore 

thus shielding the emitter from collisions with the quencher molecules. However, this shell 

should not break the protonation/deprotonation equilibrium of the sensor keeping intact the 

emitter response onto pH variations. Additionally, embedding of emitter into polymeric 

nanoconjugate is also aimed at enhancement of the sensor biocompatibility and water-

solubility as well as at protection of the chromophore from interaction with biological 

microenvironment, which can also distort the lifetime response onto the target external 

stimuli. The most promising candidates are hydrophilic polymers that can self-assemble into 

tightly packed macromolecular chains in aqueous solution. Keeping this in mind, we chose 
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the RAFT polymerization technique[60] as a strategy to obtain a biocompatible copolymer as a 

carrier for the pH-sensitive phosphorescent complex. This approach gives a degree of 

freedom in variations of the copolymer composition and properties also making possible 

different methods of the iridium emitter conjugation to the polymer. To perform the 

conjugation, we introduced activated N-hydroxysuccinimidyl ester group into the periphery 

of the N^N ligand (Ir-Su complex, Scheme 1), which is able to form the amide bond upon 

interaction with amino groups of the block-copolymer under mild conditions.  

2.2. Synthesis of Block-Copolymer and complex conjugation 

2.2.1. Synthesis of block-copolymer and its conjugate with Iridium(III) complex (BC-Ir) 

For the copolymer synthesis, N-vinylpyrrolidone (VP) and N-vinylformamide (VFA) were 

chosen as both monomers are widely used in biomedical applications[61,62] due to their long-

term stability, low toxicity, and simple approaches to the syntheses of biocompatible water-

soluble polymers.[62–64] VFA can be hydrolyzed to give amino-containing units,[65] thus 

opening the way to the polymer conjugation with the iridium complex via interaction with the 

activated N-hydroxysuccinimidyl ester group. Polyvinylpyrrolidone (p(VP)) was also chosen 

because it demonstrates a reduced oxygen permeability[66] that can potentially eliminate the 

phosphorescence quenching of the iridium chromophore by molecular oxygen. 

The synthetic route and chemical structure of amino groups containing block-copolymer BC-

NH2 are shown in Scheme 2. At the first step, p(VP) was synthesized via the RAFT 

polymerization, and its structure was characterized by 1H NMR spectroscopy (Figure S24a, 

Supporting Information). Mass average molecular weight Mw of p(VP) was determined to be 

37 100 Da with the polydispersity index of 1.69 measured using GPC with the calibration 

curve of pullulan standards (Figure S25, Supporting Information). At the next step VFA units 

were copolymerized to p(VP); in this reaction the latter acts as the macro-RAFT agent to give 

the poly-(vinylpyrrolidone-block-vinylformamide) (p(VP-b-VFA)) product, which was 

characterized by the 1H NMR spectroscopy (Figure S24b, Supporting Information) and gel-

permission chromatography (GPC), Figure S25, Supporting Information. The 1H NMR 

spectrum of p(VP-b-VFA) confirms the formation of the block-copolymer by the appearance 

of the proton signals at ca. 7.95 [NH-C(O)H], 3.84 (C-H) (Figure S24b, Supporting 

Information). Comparing the peak area of these protons, we estimated the VP to VFA units 

molar ratio as ca. 80:20. This result is in good agreement with the product molecular weight 

Mw of 42 600 Da determined by GPC with the polydispersity of 1.75 (Figure S25, Supporting 

Information). The final step of the copolymer synthesis consisted in the hydrolysis of the 
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VFA formamide functions to give amino-containing units in the copolymer chain. The 

disappearance of the formyl proton signals in the 1H spectrum of the block-copolymer after 

hydrolysis also confirms the formation of the poly(vinylpyrrolidone-block-vinylamine) 

copolymer designated as BC-NH2 (Scheme 2, Figure S24c, Supporting Information). 

 

Scheme 2. Synthesis of block-copolymer and conjugates.  

The conjugation of the Ir-Su complex and BC-NH2 (Scheme 2) was performed in methanol 

in the presence of base with an equimolar ratio of reacting groups (Su:NH2 = 1:1). At the 

second stage, hydrolysis of the iridium complex ester groups was carried out in situ in the 

presence of potassium carbonate, followed by dialysis and lyophilization. The BC-Ir 

conjugate possesses an amphiphilic structure: the block of p(VP)-chains is hydrophilic while 

the conjugated iridium complex brings hydrophobicity to the corresponding part of the 

copolymer. Thus, the resulting conjugate, BC-Ir, spontaneously aggregates into micelles in 

aqueous solutions with the hydrodynamic diameters of 33 nm (pH 7.4), 66 nm (pH 10.1), and 

22 nm in methanol (Figure 5a, Figure S26a, c; Supporting Information). The dependence of 

the BS-Ir ζ-potential on pH was measured in a 10–3 M NaCl solution (Figure 5b). The 

isoelectric point of BC-Ir localizes at pH 7.4 that evidences the presence of residual unreacted 

NH2-groups.[67]  
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Figure 5.  (a) Hydrodynamic diameter of the micelles before and after cross-linking in 10-3 N 

sodium chloride at pH=7.4. (b) The dependence of ζ-potential of the micelles on pH before 

and after cross-linking. 

To further eliminate the quenching effect of oxygen and the influence of the components of 

biological systems onto the sensor emission characteristics, we applied the strategy of the 

polymer chains cross-linking in the conjugate by using glutaraldehyde (GA),[68] see Scheme 2. 

This chemistry rigidifies the nanospecies core, thus, preventing oxygen diffusion inside the 

species and limits other side effects of the microenvironment in physiological media. The 

cross-linking of residual amino groups was performed at pH 7.4 that corresponds to the 

isoelectric point of initial BC-Ir conjugate. It is well known[69] that imine bonds formed upon 

crosslinking and residual aldehyde groups are toxic, therefore glycine and sodium 

borohydride were used as aldehyde blocking reagents to reduce this effect.[70] Such treatment 

also increases the biocompatibility of the conjugate, enhance its resistance to hydrolysis, and 

proved to show no effect onto the emitter photophysical properties. 

Cross-linking displays a clearly visible effect onto colloid characteristics of the obtained 

nanospecies. The hydrodynamic diameter of BC-GA-Ir is almost unchanged in aqueous 

media at pH 7.4 and in methanol solution compared to that of BC-Ir (Figure 5a, Figure 

S26a,b, Supporting Information), but it significantly differs at pH 10.1 (46 nm for BC-GA-Ir 

vs. 66 nm for BC-Ir) where all amino groups are deprotonated (Figure S26a, Supporting 

Information). Moreover, the isoelectric point is shifted to more acidic pH of 6.8 (Figure 5b) 

that also evidences the decrease in amino groups concentration on the surface of BC-GA-Ir. 

Stability of the nanoparticles under acidic (pH 3.8) and neutral (pH 7.4) conditions was also 

tested by monitoring hydrodynamic diameter and polydispersity index within 24 hours. All 

these parameters remain practically constant during this period that indicates the stability of 
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the nanoprobe and the absence of aggregation processes (Figure S27, Supporting 

Information). 

2.2.2. Photophysical study of BC-Ir and BC-GA-Ir 

The BC-Ir and BC-GA-Ir conjugates are water-soluble and luminescent both in methanol 

and aqueous solutions giving a broad emission band centered at ca. 600 nm; absorption, 

excitation, and emission spectra are shown in Figure S28 and S29a of the Supporting 

Information.  

Table 2. Photophysical properties of BC-GA-Ir in methanol and aqueous solutions. 

 

 

 

a)measured at λem = 650 nm; b)λexc = 351 nm; c) absorption spectra in aqueous dispersions are  

poorly resolved due to high light scattering. 

The lifetimes of Ir-ONa (Table 1) and BC-GA-Ir (Table 2) in aerated and deaerated 

methanol solutions are essentially similar with small increase of both magnitudes for the 

conjugated samples. The absence of a significant effect of the polymer on the photophysical 

properties of the chromophore can be explained by the nature of the solvent and its influence 

onto the conformation of polymer chains. The chains form the micelles with the core (cross-

linked polyvinylamine with conjugated iridium complex) and shell (p(VP) chains) structure, 

the properties of which depends on the specific interaction of each block with solvent.[71,72] As 

the affinity of methanol toward the shell-forming block p(VP) is lower compared to water, the 

chains will adopt less stretched conformation that leads to the decrease in the hydrodynamic 

micelle size compared to water solutions (Figure S26b, Supporting Information). On the other 

hand, the affinity of the complex as a more hydrophobic block to methanol leads to swelling 

and additional chain stretching of micellar core.[72] Thus, the micelles as a whole get less 

dense that, in turn, increases the oxygen permeability and, consequently, results in high 

emission lifetime response onto variations in oxygen concentration in methanol.  

On the contrary, the reverse situation is observed in aqueous solution: the more hydrophilic 

shell-forming chains of p(VP) are stretched and the hydrodynamic diameter increases. The 

hydrophobic core, in contrast, shrinks in water and its low swelling ratio results in significant 

 λabs 
[nm] 

λexc 

[nm]a) 
λem  

[nm]b) 
Фaer/deg

 b) 
τaer/deg 

[µs] a) b) 

Methanol solution, 298K 

BC-GA-Ir 275, 335, 351sh, 397sh, 441 274, 327, 438 600 0.05/0.15 0.49/1.73 

Aqueous solution, 310K 

BC-GA-Ir (pH = 8.2) 261, 335sh, 436 c) 278, 335, 436 615 - 1.00/1.10 

BC-GA-Ir (pH = 3.3) 261, 338, 450 c) 282, 37sh, 352, 450 645 - 0.16/0.17 
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diffusion barriers to oxygen penetration.[73] This is the reason of drastic changes in the 

behavior of emission lifetimes of the conjugate in comparison with non-conjugated complex. 

At low pH values the lifetimes of Ir-OH and BC-GA-Ir are nearly the same, while at higher 

pH the difference becomes obvious (1.0 µs vs. 0.25 µs for BC-GA-Ir and Ir-ONa 

respectively) and what is even more important the emission quenching by oxygen for the 

conjugate becomes almost negligible, see Table 2. Thus, the strategy of iridium chromophore 

packing into this block-copolymer looks promising, in particular, because of reduced oxygen 

sensitivity and enhanced BC-GA-Ir sensitivity to pH compared to the “naked” Ir-ONa, vide 

infra. 

 It is also worth noting that spatial and temporal variations in oxygen concentration in 

biological samples are far less compared to those between aerated/degassed solutions that 

additionally decreases the distorting effect of oxygen quenching onto the results of lifetime 

measurements. 

2.2.3. Photophysical study of BC-GA-Ir at various pH 

The cross-linked BC-GA-Ir probe demonstrates pH-dependent emission intensity and 

lifetime in the physiologically relevant range (Figure 6a,b, Figure S29b, Supporting 

Information). Like the original Ir-ONa molecular chromophore, the polymeric BC-GA-Ir 

probe increases the intensity and energy of the emission band upon an increase in pH (Figure 

6a). Additionally, the luminescence spectrum of BC-GA-Ir displays a weak fluorescent band 

at 410 nm, related to aggregation induced emission of p(VP)[74] in the conjugate (Figure S30, 

Supporting Information) that, in principle, makes possible ratiometric pH measurements. 

Nevertheless, data acquisition in lifetime domain gives considerable advantages for 

quantitative pH monitoring in complex biological systems, vide supra, therefore we collected 

the lifetimes response of BC-GA-Ir onto pH variations in different media under aerated and 

deoxygenated conditions. The obtained data are summarized in Figure 6b, Table S26 and S27 

in Supporting Information.  

The experiments were carried out in phosphate buffer saline (PBS, pH range 5.0 – 8.0) and 

Citrate-Phosphate Buffer (CPB, pH range 2.0 - 12.0) solutions. In the media that does not 

contain biomolecules, the emission of BC-GA-Ir shows bi-exponential decay with the 

average lifetimes (τav) variations from 0.16 µs to 1.12 µs within the pH range of 3.2-10.0 

(Table S25, Figure S31, Supporting Information) regardless of the buffer composition. 

Despite the increase in the BC-GA-Ir emission lifetime compared to the initial complex, the 

pKa value of the conjugate calculated from the data for CPB solutions remains unchanged at 
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approximately 6.5 (Figure S31). It is also worth mentioning that the presence of Ca2+ and 

Mg2+ ions at the concentration of 0.001M and salinity of 0.1M NaCl does not affect the 

lifetime response of the conjugate, see Figure 6b and Table S25 of the Supporting 

Information, that is of particular importance for its application in biological systems, which 

are abundant in these bio-cations. We also performed additional experiments on the stability 

of nanoparticles under acidic conditions by monitoring the emission lifetime of the studied 

sample in buffer solution (pH = 3.9) over 24 hours and tested the reversibility of the emission 

lifetime response by changing the acidity of the medium between two pH values 5.3 and 7.7 

(Figure S27, Supporting Information). In both experiments, we obtained a very good 

reproducibility that indicates the stability of the nanoprobe. 

 

Figure 6. (a) Emission spectra of BC-GA-Ir in Citrate-Phosphate Buffer (CPB, pH 3.3 – 7.5) 

and Phosphate Buffered Saline (PBS, pH 8.1) buffer solutions at different pH values, 310 K, 

λexc = 351 nm. * notes sharp signal associated with Raman scattering; (b) pH-lifetime 

dependence for BC-GA-Ir in different media measured at λem = 650 nm.  

As demonstrated by the data shown in Figure 6 b, the effect of oxygen quenching is 

significantly reduced for the nanospecies to give negligible difference in the probe average 

lifetimes. Higher deviation was found at pH 7.5 and 8.2 that may be assigned to the 

deprotonation of carboxylic groups of iridium emitter in the nanosensor. The deprotonation 

causes, on the one hand, the change of isoelectric potential from positive to negative (Figure 

5b), on the other hand, it leads to repulsion between chromophore molecules further resulting 

in the increase of hydrodynamic diameter (Figure S26a, Supporting Information) and 

permeability of the nanospecies.  

However, it was found that the lifetime calibration on pH in the model physiological media 

containing 15% or even 1% of fetal bovine serum (FBS) and DMEM shows considerable 

deviations from the calibration curves obtained in the absence of these biocomponents (Figure 
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6b, hexagons). This effect can be assigned to the interaction of the sensor with the 

biomolecules presented in this type of media. Unfortunately, decrease in pH below 5.2 results 

in FBS aggregation/denaturation visually observed as formation of a bulky precipitate that 

prevents calibration measurements in this media under acidic conditions.  

Although we still observe the influence of biomacromolecules on the lifetime response, the 

reproducibility of the calibration data from batch to batch and its independence on the 

concentrations of FBS (1% and 15% of the total volume) prompted us to use all the data 

obtained in the model physiological media to build up the general calibration of BC-GA-Ir 

emission lifetime as a function of pH in the range of 5.2-8.2. (Figure 7). 

 

Figure 7. (a) General calibration of BC-GA-Ir emission lifetime vs pH using pool data 

obtained in physiological media with averaging for both aerated and degassed solutions; (b) 

Emission decays in aerated CPB solutions with 9% of DMEM and 1% of FBS at various pH.  

These data gave a good linear correlation and uncertainty were calculated as a standard 

deviation considering the instrumental error of ca. 5% (Figure 7a, Table S27, Supporting 

Information). To check applicability of this calibration for pH measurements in biosystems, 

we performed PLIM experiments with Chinese hamster ovary cells (CHO-K1) incubated with 

BC-GA-Ir probe to ensure its suitability for monitoring of intracellular pH, vide infra. 

2.3. Cell experiments 

2.3.1. Cytotoxicity and Localization of Probe in Cells 

The cytotoxicity of initial block-copolymers and BC-GA-Ir conjugate were evaluated using 

MTT assay on CHO-K1 cell line upon incubation for 24 h. It was found that the cell viability 

exceeds 86% for block-copolymer p(VP-b-VFA) in the studied range of concentrations from 

0.05 to 2 mg/mL, whereas the hydrolysis of the copolymer with formation of primary amino-
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groups led to the much higher toxicity: the viability of cells drops lower 50% at the 

concentrations of BC-NH2 higher than 0.2 mg/mL (Figure S32, Supporting Information).  

When cells are incubated with the cross-linked probe BC-GA-Ir cell viability exceeds 75% in 

the selected range of concentrations that demonstrates acceptable cytotoxicity of the probe 

and indicates its applicability for bioimaging in living systems.  

To investigate the distribution of the probe in subcellular compartments, CHO-K1 cells were 

co-stained with the BC-GA-Ir (0.25 mg/mL) and LysoTracker™ Deep Red (Figure 8_top), 

LysoTracker™ Green DND-26 (Figure S33), which are organelle-specific probes for acidic 

compartments (lysosomes and endosomes) and also with BioTracker 405 Blue Mitochondria 

Dye (Figure 8_bottom) targeted to mitochondria. Z-stack figures of the cells co-stained with 

LysoTracker™ Deep Red and BC-GA-Ir are shown in Figure S34 of the Supporting 

Information and in Supplied Video. 

 

Figure 8. Top: Subcellular distribution of LysoTracker™ Deep Red (red color) and BC-GA-

Ir (green color) in CHO-K1 cells. Bottom: Subcellular distribution of BioTracker 405 Blue 

Mitochondria Dye (blue color) and BC-GA-Ir (red color) in CHO-K1 cells. Pearson (P) and 

Manders overlap coefficients (M1 – fraction of tracker signal that overlaps conjugate signal, 

M2 – fraction of conjugate signal that overlaps tracker signal) are presented as mean ± 

standard deviation calculated for 50 cells. Scale bar 20 µm. 

Сolocalization experiments (Figure 8) clearly indicate that BC-GA-Ir displays good 

membrane permeability and is eventually localized mainly in lysosomes and late endosomes, 

see the corresponding Pearson and Manders overlap coefficients, Figures 8 and S33 of the 

Supporting Information. We additionally tested incubation of the probe in presence of 
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amiloride, which is a well-known inhibitor of macropinosome-mediated endocytosis.[75,76] 

Figure S35 of Supporting Information shows confocal microscopy of two samples (with and 

without inhibitor) and the probe emission intensity of cytoplasmic region after 24 hours of 

incubation averaged for four microphotographs (ca. 50 cells) for each sample. The probe 

internalizes into cells in both cases, however, the presence of amiloride considerably 

decreased the uptake. This observation indicates the contribution of micropinocytosis as one 

of the possible mechanisms of the probe internalization. However, the internalization of BC-

GA-Ir may also be realized through other endocytic pathways, which cannot be blocked by 

amiloride. Thus, the experimental data on application of endocytosis inhibitor (Figure S35 of 

the Supporting Information) and literature data[77,78] for closely analogous polymeric 

nanoparticles with the size of ca. 50 nm indicate that endocytic internalization pathway is the 

most probable mechanism of the probe penetration into cells.  

2.3.2. Phosphorescence Lifetime Imaging in Cells 

Verification of pH calibration of BC-GA-Ir has been done in CHO-K1 cells stained with the 

probe at concentrations 0.25 and 1 mg/mL for 24 h. To homogenize the intra- and 

extracellular pH, the cells were additionally incubated for 30-40 min with high K+ buffers of 

two different pH (6.0 and 8.0) containing an H+/K+ ionophore, nigericin (10 mM).[79] Figure 9 

shows confocal microscopy images, PLIM microphotographs, emission decays and lifetime 

distributions obtained in this system at pH 6.0 and 8.0 with the probe concentration 0.25 

mg/mL. In these experiments, the PLIM signal of BC-GA-Ir matches well the confocal 

images and shows monoexponential decay. 



  

19 

 

 

Figure 9. Calibration of BC-GA-Ir on living CHO-K1 cells: (a) Confocal images (left; red 

channel 570-620 nm merged with DIC image) and PLIM images of the same areas (right; 

color from red to blue denotes lifetime of excited state from 0.57 to 1.50 µs) of cells stained 

with BC-GA-Ir (0.25 mg/mL, 24 h) in nigericin-containing buffers pH 6.0 (top) and 8.0 

(bottom); (b) Normalized distributions of excited state lifetime in PLIM experiment at pH 6.0 

and 8.0, transparent – the whole image, opaque – selected areas X and Y; (c) Emission decays 

for selected areas X and Y in PLIM images. Scale bar 20 µm. 

We also carried out several repetitions of PLIM after nigericin addition at two different 

concentration of the probe 0.25 and 1.0 mg/mL (Figure S36, Supporting Information) and 

analyzed the distribution of lifetime over the whole cells and their brightest spots (Figure 

9b,c, S37, 38, Supporting Information). At pH 8.0, the lifetime distribution is rather broad. 

However, the lifetime of the brightest spots is more uniform and fits well the calibration curve 

(Figure 9, Figure S38, Supporting Information). On the contrary, the distribution of lifetime at 

pH 6.0 is sharper and smoother. These findings can be probably explained by intracellular pH 

homeostasis in the living cell upon induction of media pH well above (8.0) physiologically 

acceptable interval. Despite the presence of ionophore, the cells tend to maintain the 

physiological pH in some compartments that results in a rather broad lifetime/pH distribution 

compared to the PLIM image obtained at pH 6.0. Nevertheless, the average lifetime values of 

0.8 and 1.18 µs for pH 6.0 and 8.0, respectively, fits well the pH-calibration curve measured 

in the model physiological media (Figures 7a, Figure S38, Supporting Information) to give the 
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magnitudes 5.9 and 7.6 pH units, respectively. These control experiments on living cells in 

the presence of nigericin showed that the calibration curve built up in solution can be 

successfully employed for quantitative evaluation of pH in cell samples using BC-GA-Ir in 

PLIM modality. 

A study of the dynamics of BC-GA-Ir internalization at two concentrations, 0.25 and 1.0 

mg/ml, shows that at low concentration, the intensity of the probe emission inside the cells is 

weak until 24 h of incubation compared to control cells without dye (Figures S39a, S40, 

Supporting Information), whereas at high concentration, the probe can be detected inside the 

cell after 1–2 hours of incubation (Figures S39b, S41, Supporting Information). Monitoring of 

the incubation process in the PLIM mode correlates with luminescent images: after 2 hours of 

incubation, bright spots are observed inside the cells, the number of which increases 

significantly over the next 22 hours (Figure 10a).  

 

Figure 10. Dynamics of BC-GA-Ir (1.0 mg/mL) accumulation by CHO-K1 cells during 

long-term incubation carried out in DMEM-F12 supplemented with 10% FBS: (a) Confocal 

images (top; red channel 570-620 nm merged with DIC image) and PLIM images (bottom) of 

the same areas. (b) Normalized distributions of excited state lifetime of extracellular areas in 

PLIM experiments. Scale bar 20 µm. 

It is important to emphasize that the probe is also detected in the extracellular space both in 

the images recorded in intensity and in the PLIM modes. Emission lifetime of extracellular 

area varies during the incubation time from ca. 1200 ns to ca. 1110 ns (Figure 10b). 

Converting these values to pH using the calibration curve (Figure 7a) gives the values of 7.4 

and 7.1, respectively, which can be attributed to slight acidification of the extracellular milieu 

due to long-term incubation with the probe.  

It should be noted that the probe signal after several hours of incubation even at high 

concentration is still weak to obtain high quality photon statistics in PLIM and we performed 

further detailed PLIM experiments after incubation for 24 h. CHO-K1 cells incubated with 
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different concentrations of BC-GA-Ir (0.25 mg/mL and 1.00 mg/mL) for 24 h were studied 

using confocal microscopy together with PLIM (Figure 11).  

 

Figure 11. Confocal microscopy (left; merged green channel 500-550 nm, red channel 570-

620 nm, and DIC image) and PLIM (right) of living CHO-K1 cells incubated with BC-GA-Ir 

(top: 0.25 mg/mL, bottom: 1.00 mg/mL). In PLIM, the color from red to blue denotes lifetime 

of excited state from 0.65 to 1.20 µs and corresponding pH from 5.2 to 7.6. Scale bar 20 µm. 

The obtained data revealed inhomogeneity of the brightness, color, and lifetime of different 

possible mechanisms compartments, which is inappreciable at the low concentration of the 

probe and obvious at higher concentration. Comparison of green (500-550 nm) and red (570-

620 nm) channels in the confocal images gives two types of stained compartments: “orange” 

and “red” (Figure S42, Supporting Information), which also display different lifetimes. 

Together with the red spectral shift in the “orange” compartments a decrease in the lifetime is 

also observed. Conversion of the lifetime scale into pH map by means of calibration obtained 

in the cuvette (Figure 9a) made possible differentiation of intracellular pH in cell 

compartments. In the “orange” compartments, the lifetime is higher than 850 ns, that is 

equivalent to pH higher than 6.1 (points 2, 3, 6, 8 on Figure 11). The “red” compartments 
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show lifetime shorter than 775 ns that corresponds to pH of ca. 5.7 and lower (points 1, 4, 5 

on Figure 11). These observations fit well the changes in the emission spectrum of BC-GA-Ir 

found in solution: the red spectral shift of emission band was observed upon solution 

acidification below pH 5.7 (Figure 7a, Figure S28, Supporting Information).  

We also performed several repetitions of PLIM experiment for cells stained with high 

concentration of the probe. In a few selected cells, we analyzed intercellular areas (dark green 

color) and intracellular regions marked with different colors corresponding to different 

lifetime intervals: high lifetime (cyan), middle lifetime (green), low lifetime (orange) (Figure 

S43a, Supporting Information) and calculated mean values of maxima of lifetime distribution 

with a confidence interval as mean half-width at half height for those regions. The lifetime 

data obtained for selected areas were recalculated into pH values by using the calibration 

curve obtained in solution (Figure 7a, Figure S43b, Supporting Information). These results 

indicate that in all the tested cells after 24h of incubation extracellular pH remains nearly 

neutral (mean pH ca. 6.9) while intracellular pH varies from neutral (mean pH ca. 7.0) to 

slightly acidic (mean pH ca. 6.4) and noticeably acidic (mean pH ca. 5.4). These observations 

are compatible with the literature data, [80–83] which showed that pH of various compartments 

formed during the process of endocytosis (early endosomes, recycling endosomes, late 

endosomes and endosomes fused with lysosomes) varies from 7.0 to 5.5 – 4.2.  Therefore, 

localization of BC-GA-Ir in late endosomes and lysosomes is in a good agreement with pH 

values observed in PLIM experiments described above. Thus, using this probe, the extra- and 

intracellular pH can be mapped, and endocytic vesicles can be detected and differentiated 

depending on pH inside the vesicles.  

 

3. Conclusion 

A series of phosphorescent [Ir(N^C)2(N^N)]+ complexes containing pH sensitive carboxylic 

groups in the coordinated ligands have been prepared and characterized. Photophysical 

properties of the obtained complexes were studied in detail, nature of the emissive transitions 

was elucidated using DFT and TD DFT calculations. One of these complexes with 

carboxylated N^C ligands showed reversible protonation/deprotonation equilibria 

accompanied by clearly visible changes in emission wavelength, intensity, and 

phosphorescent lifetime, which can be used for pH monitoring in solutions and physiological 

media. To eliminate a side effect of the sensor phosphorescence quenching by molecular 

oxygen, this complex was conjugated to water-soluble poly-(vinylpyrrolidone-block-
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vinylamine) copolymer, which was additionally cross-linked by glutaraldehyde to prevent 

oxygen diffusion to the pH sensitive chromophore tightly packed in the polymeric 

nanoparticles. The calibration of the conjugated probe lifetime vs pH displayed strong lifetime 

dependence on pH and negligible effect of variations in the oxygen concentration in 

physiologically relevant intervals. However, the calibration showed dependence on the 

presence of bio-macromolecules (e.g. proteins and components of growing media) that 

implies obtaining reliable calibration data in the model physiological solutions containing 

fetal bovine serum and DMEM. Investigation of the probe biological properties using CHO-

K1 cell line showed that it has low toxicity, internalizes readily into cells, and is localized 

mainly in endosomes and lysosomes. PLIM experiments on the cells in the presence of the 

proton ionophore (nigericin) revealed that the calibration built up for the model physiological 

media fits well the data obtained in cells that made possible to use the probe for pH mapping 

in intact living cells. These PLIM data clearly indicate that the probe may be used for 

quantitative mapping of pH across the sample under study, allow determination of pH 

gradient in different vesicles and their differentiation from the viewpoint of their acidity.  

 

4. Experimental Section 

General experimental details  

1H, 1H-1H COSY (400 MHz) NMR spectra were recorded on a Bruker 400 MHz Avance 

spectrometer, chemical shift values are reported in ppm relative to TMS (δ = 0.00). 1H NMR 

spectra were calibrated according to the residual signals of methanol-d4 (3.31 ppm), acetone- 

d6 (2.05 ppm), D2O (4.79 ppm) or DMSO-d6 (2.50 ppm). Mass spectra were recorded on a 

Bruker maXis HRMS-ESI-QTOF instrument in positive mode. Elemental analysis was 

performed using a LECO TruSpec MICRO. 

Bis(µ-chlorido) bridged dimeric precursor {(N^C)2IrCl}2 (N^C = methyl 2-phenylquinoline-

4-carboxylate) was synthesized according to published procedures.[42,53–55] 4-(2-(3-

Bromophenyl)-1(H)-imidazo [4,5-f] [1,10] phenanthroline-1-yl) benzoic acid (N˄N-Br) was 

synthesized according to literature methodology.[84] N-vinylpyrrolidone (VP), N-

vinylformamide (VFA) (Sigma Aldrich), and dioxane (Vekton) were distilled under vacuum 

before use. Azobis(isobutyronitrile) (AIBN) was recrystallized two times from ethanol at 

60°C and vacuum-dried at 20°C. Trithiocarbonate of the general formula R–S–C(=S)–S–R 

{dibenzyl carbonotrithioate (R = –CH2Ph) was prepared by the earlier published procedure.[85] 

Diethyl ether and dimethylsulfoxide (DMSO) (all from Vekton) were used as received. Water 
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was purified using a “Simplicity” (Merck Millipore) water purification system (type 1 water). 

DMEM/F12 (Gibco, Carlsbad, CA, USA), Fetal Bovine Serum (Gibco, Carlsbad, CA, USA), 

penicillin/streptomycin (Thermo Fisher Scientific,Waltham, MA, USA), trypsin-EDTA 

(Thermo Fisher Scientific, Waltham, MA, USA), MTT reagent 3(4,5-dimethyl-2-thiasolyl)-

2,5-diphenyl-2H-tetrasole bromide (Thermo Fisher Scientific, Waltham, MA, USA), DMSO 

(Merck, Munich, Germany), LysoTracker™ Deep Red (Thermo Fisher Scientific,Waltham, 

MA, USA), BioTracker 405 Blue Mitochondria Dye (Sigma-Aldrich, Merck, Munich, 

Germany), Nigericin sodium salt (Sigma-Aldrich) were used as received. 

Synthesis of NN ligand 2,5-dioxopyrrolidin-1-yl-4-(2-(3-bromophenyl)-1H-imidazo[4,5-

f][1,10]phenanthrolin-1-yl)benzoate (N˄N-Su) 

A mixture of 4-(2-(3-bromophenyl) -1(H)-imidazo [4,5-f] [1,10] phenanthroline-1-yl) benzoic 

acid (100 mg, 0.201 mmol), N,N-dicyclohexylcarbodiimide (41.47 mg, 0.201 mmol), N-

hydroxysuccinimide (23.13 mg, 0.201 mmol), and 4-dimethylaminopyridine (5 mg, 0.041 

mmol) were stirred in DMF at room temperature for 24 hours. The resulting precipitation was 

filtered and dissolved in DCM. The solution was placed in a fridge for 30 min and then 

filtered off in order to remove the precipitates. Finally, the solvent was evaporated, and the 

product as white solid was washed with diethyl ether (85 mg, Yield: 71%). 1H NMR (400 

MHz, DMSO-d6, δ) 9.12 (dd, J = 4.2, 1.6 Hz, 1H), 9.05 (dd, J = 8.1, 1.6 Hz, 1H), 9.00 (dd, J 

= 4.2, 1.4 Hz, 1H), 8.42 (d, J = 8.4 Hz, 2H), 8.11 (d, J = 8.5 Hz, 2H), 7.90 (dd, J = 8.1, 4.3 

Hz, 1H), 7.86 (s, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.60 (dd, J = 8.5, 4.3 Hz, 1H), 7.51 (dd, J = 

8.4, 1.3 Hz, 1H), 7.43 (d, J = 7.9 Hz, 1H), 7.37 (t, J = 7.8 Hz, 1H), 2.96 (s, 4H). HRMS (ESI) 

m/z: [M+H]+ calcd for C30H19BrN5O4, 594.0601; found, 594.0595; [M+Na]+ calcd for 

C30H19BrN5O4Na, 616.0421; found, 616.0418.  

Synthesis of iridium(III) complexes 

[(N^C)2Ir(N˄N -Br)-COOH)]ClO4 (Ir-OMe). 

The corresponding bis(µ-chlorido)bridged dimeric precursor (55,6 mg, 0,037 mmol) was 

suspended in DCM/MeOH 1:1 mixture (5 ml) and solution of NN(Br)-COOH (37,2 mg, 0,075 

mmol) in 5 ml of the same solvent was added. The reaction mixture was heated at 40oC for 3 

h. The resulting clear red solution was cooled to room temperature, excess of solid KClO4 was 

added and the mixture was stirred for 30 minutes. The obtained reaction mixture was 

evaporated to dryness, dissolved in DCM, filtered off and evaporated again. The crude 

product was purified by flash column chromatography (eluent DCM:MeOH 5:1) and after 

evaporation the final product was obtained as red solid (98 mg, )  1H NMR (400 MHz, 
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Methanol-d4, δ) 9.20 (dd, J = 8.3, 1.1 Hz, 1H), 8.84 (s, 1H), 8.79 (s, 1H), 8.71 – 8.61 (m, 1H), 

8.59 – 8.48 (m, 1H), 8.41 (t, J = 7.6 Hz, 2H), 8.35 – 8.17 (m, 4H), 8.06 (dd, J = 8.3, 5.2 Hz, 

1H), 7.76 (t, J = 1.6 Hz, 1H), 7.70 (dd, J = 8.2, 1.7 Hz, 1H), 7.67 – 7.58 (m, 3H), 7.58 – 7.49 

(m, 2H), 7.46 (d, J = 8.9 Hz, 1H), 7.38 (d, J = 7.9 Hz, 1H), 7.31 (t, J = 7.7 Hz, 2H), 7.24 (dd, 

J = 12.8, 5.4 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 7.02 – 6.79 (m, 4H), 6.68 (dd, J = 7.4, 4.1 Hz, 

2H). HRMS (ESI) m/z: [M]+ calcd for C60H39BrIrN6O6, 1211.1726; found, 1211.1758. Anal. 

calcd for C60H39BrClIrN6O10: C, 54.95; Н, 3.00; N, 6.41; Found: C, 54.88; Н, 3.08; N, 6.35. 

Na2[(N^C -COO)2Ir
+( N˄N -Br)-COO‒)] (Ir-ONa)  

Methanol solution (10 mL) of Ir-OMe (17.9 mg, 0.015 mmol) were placed in a round-bottom 

flask and 8.3 mg (0.06 mmol) of Na2CO3 were added. The reaction mixture was heated at 

40oC for ca. 4 hours and evaporated to dryness. The crude product was dissolved in 1 mL of 

MeOH and 5mL of acetone was added to precipitate NaOTf and unreacted Na2CO3. The 

resulting orange solution was filtered and evaporated to give orange solid. 

1H NMR (400 MHz, Methanol-d4, δ) 9.20 (dd, J = 8.3, 1.3 Hz, 1H), 8.67 (dd, J = 5.2, 1.3 Hz, 

1H), 8.57 – 8.50 (m, 1H), 8.42 (s, 1H), 8.38 (s, 1H), 8.28 – 8.16 (m, 4H), 8.12 (dd, J = 8.3, 1.1 

Hz, 1H), 8.04 (dd, J = 8.3, 5.2 Hz, 1H), 7.84 (t, J = 1.7 Hz, 1H), 7.67 – 7.52 (m, 5H), 7.44 (d, 

J = 8.1 Hz, 1H), 7.38 (d, J = 8.9 Hz, 1H), 7.33 (d, J = 8.9 Hz, 1H), 7.28 – 7.15 (m, 5H), 6.91 – 

6.73 (m, 4H), 6.66 (dd, J = 7.0, 5.3 Hz, 2H). HRMS (ESI) m/z: [M] − calcd for 

C58H33BrIrN6O6, 11811.1266; found, 1181,1303. Anal. calcd for C58H32BrIrN6Na2O6: C, 

56.77; H, 2.63; N, 6.85; Found: C, 56.94; Н, 2.83; N, 6.95. 

[(N^C)2Ir(N˄N(Br)-Su)]OTf (Ir-Su). 

The corresponding dimeric precursor was converted at first to labile bis(acetonitrile) complex 

by the reaction with AgOTf in acetonitrile. Resulting [(CN)2Ir(NCMe)2]OTf complex (81 mg, 

0.084 mmol) was dissolved in 5 mL of DCM followed by the addition of  NN-Su ligand (50 

mg, 0.084 mmol) DCM solution (5 mL).  

1H NMR (400 MHz, Methanol-d4, δ) 9.23 (d, J = 8.2 Hz, 1H), 8.85 (s, 1H), 8.80 (s, 1H), 8.67 

(dd, J = 5.1, 1.2 Hz, 1H), 8.59 – 8.51 (m, 1H), 8.48 – 8.39 (m, 3H), 8.37 (d, J = 10.2 Hz, 1H), 

8.33 (d, J = 7.9 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 8.08 (dd, J = 8.3, 5.2 Hz, 1H), 7.86 (dd, J = 

8.3, 1.9 Hz, 1H), 7.84 – 7.82 (m, 1H), 7.80 (dd, J = 8.3, 1.9 Hz, 1H), 7.70 (d, J = 3.6 Hz, 2H), 

7.59 (d, J = 8.0 Hz, 1H), 7.53 (d, J = 8.9 Hz, 1H), 7.47 (d, J = 8.9 Hz, 1H), 7.38 – 7.20 (m, 

6H), 6.98 – 6.83 (m, 4H), 6.69 (dd, J = 7.2, 5.4 Hz, 2H), 4.13 (s, 3H), 4.11 (s, 3H), 2.96 (s, 

4H). HRMS (ESI) m/z: [M] + calcd for C64H42BrIrN7O8, 1308.1891; found, 1308.1910. 
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Synthesis of polymers and conjugates 

Synthesis of p(VP)  

Macro-RAFT agent was synthesized via thermally initiated polymerization of VP in bulk at 

80°С for 24 hours. The sample for VP (37 mmol) polymerization was prepared by dissolving 

a chain transfer agent (CTA), S,S- dibenzyltrithiocarbonate, (10-2 M) and AIBN (10-3 M) in 

the monomer.[86] The solution was placed in a Pyrex reactor, degassed by three repeated 

freeze−evacuate−thaw cycles and sealed. The obtained polymer was purified by triple 

recrystallization and centrifugation from diethyl ether. The yield equaled ca. 50 %.1H NMR 

(400 MHz, Water-d2, δ) 3.97 – 3.42 (m, 1H), 3.42 – 2.86 (m, 2H), 2.61 – 2.16 (m, 2H), 2.16 – 

1.87 (m, 2H), 1.87 – 1.34 (m, 2H).  

Synthesis of p(VP-b-VFA) 

Block-copolymer was prepared by copolymerization of VFA (1.5 mmol) and Macro-RAFT 

VP agent (200 mg) at 80°С for 30 hours. Both reagents were dissolved in dioxane (4 ml) and 

placed into a Pyrex reactor. AIBN (10-3 M) was then added and the solution was degassed by 

three repeated freeze−evacuate−thaw cycles and sealed. The final block-copolymer p(VP-b-

VFA) was purified by dialysis (Orange Scientific; molecular weight cutoff = 6−8 kDa) for 3 

days to remove the residual monomers and solvent and isolated from water by freeze-drying 

(FreeZone, Labconco). The yield was ca. 42 %.  1H NMR (400 MHz, Water-d2, δ) 8.32 – 7.52 

(m, 0.2H), 3.97 – 3.42 (m, 1.2H), 3.42 – 2.86 (m, 2H), 2.61 – 2.16 (m, 2H), 2.16 – 1.87 (m, 

2H), 1.87 – 1.34 (m, 2.4H).  

Block-Copolymer Hydrolysis (BC-NH2) 

Hydrolysis of formamide groups of the VFA-units to primary amino groups was carried out in 

8.5% hydrochloric acid at 60˚С during 24 hours. The degree of hydrolysis was estimated by 

1H NMR (400 MHz, Water-d2, δ) 3.97 – 3.42 (m, 1.2H), 3.42 – 2.86 (m, 2H), 2.61 – 2.16 (m, 

2H), 2.16 – 1.87 (m, 2H), 1.87 – 1.34 (m, 2.4H). 

Conjugation of Block-Copolymer and Iridium Complex (BC-Ir) 

Covalent conjugation of iridium complex to the block-copolymer was performed by the 

reaction of VA amino groups of the copolymer and N-hydroxysuccinimidyl function of Ir-Su. 

Typically, block-copolymer p(VP-VA) (25 mg) was first dissolved in methanol under stirring. 

Ir-Su (0.15 mg) was also dissolved in methanol and then added to the solution of the 

copolymer. The reaction was left for overnight at room temperature in the presence of a drop 

of triethylamine. Na2CO3 was then added to the mixture to increase pH, and the temperature 
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was raised to 50˚С to start the hydrolysis of ester groups of iridium complex. The reaction 

was controlled visually by changing the color from red to orange. The conjugate was purified 

by dialysis and freeze-dried.  

Cross-linking of conjugate (BC-GA-Ir) 

The final stage of preparation is cross-linking of the conjugates by interaction of the unreacted 

primary amino groups with glutaraldehyde (GA). The conjugate BC-Ir (25 mg) was dissolved 

in PBS with pH=7.4, GA (2 µmol) was then added to the solution and the reaction mixture 

was stirred for 4 hours at room temperature followed by addition of glycine (0.1 mmol) 

sodium borohydride 0.5% (wt./vol.) to mask unreacted aldehyde groups. The final compound 

was also purified by dialysis and freeze-dried.  

Characterization of Block-Copolymer and Its Conjugate with iridium Complex 

Molecular weights (MW) of block-copolymers were estimated by analytical gel permeation 

chromatography (GPC) on “Prominence 20” chromatograph (Shimadzu) using the TSKgel 

SuperAW4000 column. The samples were dissolved in acetonitrile/0.1 M NaCl (20/80 

vol.%). Chromatography was carried out at 20 °C with sample aliquot of 20 µl and eluent 

flow rate of 0.5 ml/min. Hydrodynamic diameters and ζ-potentials (in 10-3 M NaCl) on 

dependence on pH were determined by Malvern ZetaSizer NanoZS. 

Photophysical experiments 

All photophysical measurements were carried out in freshly distilled methanol or in water 

(type 1, purified with Merck Millipore system). A Shimadzu UV-1800 spectrophotometer and 

a Fluorolog-3 (JY Horiba Inc.) spectrofluorimeter were used to record the UV/Vis and 

excitation spectra, respectively. Emission spectra in solution were measured using a DTL–

375QT pulse laser (wavelength 355 nm, pulse width 5 ns, repetition frequency 10 −1000 Hz), 

an Ocean Optics monochromator (Monoscan-2000, interval of wavelengths 1 nm), a 

FASTComTec (MCS6A1T4) multiple-event time digitizer. A Hamamatsu (H10682-01) 

photon counting head were used for lifetime measurements. The absolute emission quantum 

yield in solution was determined by a comparative method using LED 365 nm pumping and 

Ru(bipy)3Cl2 in aerated aqueous solution (Φr = 0.04)[87] as the reference with the refraction 

coefficients of methanol and water are equal to 1.34 and 1.33, respectively. The following 

equation 

Φ𝑠  =  Φ𝑟

η𝑠
2𝐴𝑟𝐼𝑠

η𝑟
2𝐴𝑠𝐼𝑟
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was used to calculate the quantum yield, where Φs is the quantum yield of the sample, Φr is 

the quantum yield of the reference, η is the refractive index of the solvent, As and Ar are the 

absorbance of the sample and the reference at the wavelength of excitation, 

respectively, Is and Ir are the integrated areas of emission bands. The lifetime data fit has been 

done using the OriginPro®2021 software package. 

The pKa of Ir-OH/ONa and BC-GA-Ir were calculated according to the according to the 

modified equation [88,89] 

𝑝𝐾𝑎 = 𝑝𝐻 − 𝑙𝑜𝑔
𝜏𝑥 − 𝜏𝑎

𝜏𝑏 − 𝜏𝑥
 

where τx, - the emission lifetimes at a defined pH within the titration plot, τa – lifetime of the 

acid form, τb - lifetime of the base form.  

The linear fit of the pH dependence vs log[(τx-τa)/(τb-τx)] makes possible pKa calculation.[88,89] 

All measurements of the lifetimes in aqueous solutions for polymeric conjugates were carried 

out at 310 K. Phosphate buffer, Phosphate buffered saline, citrate buffer or Citrate-Phosphate 

buffer was used to control the pH of the samples. pH values were determined using a pH-

meter («Expert pH», Econic-Expert) with a laboratory combined pH electrode ESK-10601/7). 

Buffer solutions with 0.1 N NaCl and 0.001 M Ca2+, Mg2+ were used to determine the effect 

of salinity and cations on the lifetime response. 

Two series of solutions with different amounts of DMEM and FBS were prepared. Series 1. A 

solution of BC-GA-Ir (5 mg/mL, 500 μL) was added to 4 mL of corresponding Citrate-

Phosphate Buffer solution, then 450 μL of DMEM and 50 μL of FBS was added (for a final 

amount of DMEM – 9%, FBS – 1%). The final pH values were determined using a pH meter 

and adjusted to the desired pH if necessary. Two independent solutions were prepared with 

BC-GA-Ir from different syntheses. Series 2. A solution of BC-GA-Ir (5 mg/mL, 50 μL) 

was added to 2.4 mL of PBS, then 40 μL of FBS was added (for a final amount of about 

15%). The resulting solutions were adjusted to the required pH values with citric acid or 

NaOH. 

The lifetime data were fit using the Origin 9.0 program. The intensity-weighted average 

lifetimes for biexponential decay were calculated using the equation: 

τ𝑎𝑣  =  
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1τ1+𝐴2τ2
, 

where Ai is the weight of the i-exponent and τi is the corresponding lifetime component. 
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The obtained six sets of data from the Series 1 and 2 were used for calculating their variance 

using the formula: 

 𝑆𝑑(𝑦) =  
1

𝑛
∑ |𝑦𝑖 − 𝑦̅|𝑛

𝑖=1 ,  

were n – number of experiments, yi – lifetime value in ith experiment, 𝑦̅ - the average value of 

the lifetime in all experiments. 

The instrumental uncertainty of lifetime measurements is ca. 5%, which proved to be higher 

than any of the variances obtained upon averaging of experimental data (Table S26). We used 

this value to show standard deviation at ordinate axis (Figure 7a).  The standard deviation at 

the abscissa (pH) axis was calculated from a linear fit of the data using the appropriate slope 

factor. 

Computational Details 

The quantum chemical calculation of the Ir complexes depending on pH was performed using 

the Gaussian 16 software package[90] in the DFT methodology. MN12SX functional[91] was 

chosen with the 6-311+G* basis set on heteroatoms, 6-31G* for C and H and 

Stuttgart/Dresden effective core potential[92] on Ir, which demonstrated a good reproducibility 

of experimental data in our previous work.[93] The solvent methanol was applied in the PCM 

model.[94] The geometries of the triplet states were optimized using TD DFT.[95] To obtain 

natural transition orbitals (NTO)[96] and interfragment charge transfer (IFCT) tables the 

Multiwfn program was employed.[97] 

The electronic density difference, EDD (∆ρ), between excited 𝑇𝑖 and ground states 𝑆0 was 

evaluated as the difference between squares of HOMO and LUMO NTOs: 

∆𝜌(𝑇𝑖 → 𝑆0) = ∑ |𝜓𝑖𝑘(𝑜𝑐𝑐)|2 − ∑ |𝜓𝑖𝑘(𝑣𝑖𝑟𝑡)|2
𝑘𝑘 . 

 

Cell experiments 

Cell Culturing  

The Chinese hamster ovary cells (CHO-K1) were cultured in DMEM/F12 medium 

supplemented with FBS (10 vol. %), glutamine (2 mM), and penicillin/streptomycin (100 

U/mL). Cell cultures were maintained in a humidified incubator with 5% CO2 at 37°C, and 

passaged routinely using trypsin-EDTA. For living-cell confocal microscopy, the cells (1 × 

105 CHO-K1 cells in 1.5 mL growing media) were seeded in glass-bottom 35 mm dishes 

(Ibidi GmbH, Gräfelfing, Germany) and incubated for 48 h until reaching a confluence of ca. 

70%. Phosphorescent probe BC-GA-Ir was dissolved in growing media at a concentration of 
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4 mg/mL, passed through a syringe filter with a pore size of 0.2 µm, and added to the cells at 

a final concentration of 0.3–1 mg/mL. After incubation with the probe for 24 h, cells were 

washed with fresh media with all supplements and used for microscopy.  

MTT Assay 

CHO-K1 cells were seeded in 96-well flat-bottom plates (TPP Techno Plastic Products AG, 

Trasadingen, Switzerland) 1 × 104 cells in 100 µL of culture medium per well and incubated 

at 37°C under 5% CO2 for 24 h. BC-NH2, p(Vp-b-VFA), and BC-GA-Ir were then added to 

the cells at concentrations of 0.05–2 mg/mL. After incubation for 24 h, the cells were 

subsequently treated with MTT reagent, 3(4,5-dimethyl-2-thiasolyl)-2,5-diphenyl-2H-

tetrasole bromide, at the concentration of 0.5 mg/mL. After further incubation for 2 h, the 

media was removed, and the formazan crystals were dissolved in DMSO (100 µL/well) at 

37°C for 15 min. Using a SPECTROstar Nano microplate reader (BMG LABTECH, 

Ortenberg, Germany), the absorbance at 570 nm was measured in each well. Viability was 

determined as a ratio of the average absorbance value of the wells containing probes to that of 

the control wells. The results are shown as mean ± standard deviation of 6 repetitions. 

Organelles vital Staining 

LysoTracker™ Deep Red,  LysoTracker™ Green DND-26 were used for the vital staining of 

lysosomes and late endosomes in CHO-K1 cells, BioTracker 405 Blue Mitochondria Dye was 

used for the vital staining of mitochondria. Cells were incubated with BC-GA-Ir 0.25 mg/ml 

for 24 h, washed with fresh media 3 × 1 mL and then incubated with a new portion of 

growing media for 15 min. The dyes were added to the cells at the concentration of 50 nM 

and cells were further incubated for 15 (for mitochondria dye) and 30 (for lysosomal dye) 

minutes prior to confocal microscopy. 

Macropinocytosis assay  

5-(N,N-Hexamethylene)amiloride (Sigma-Aldrich, Merck) was dissolved in DMSO to obtain 

the solution with the concentration of 100 mM, which was then added to 1 mL of DMEM/F12 

giving the final inhibitor concentration of 66 µM. The CHO-K1 cells were incubated with this 

solution for 1 h at 37 °C and 5% CO2 atmosphere. Then the media was replaced with the 

fresh supplemented growing media containing BC-GA-Ir (1.00 mg/mL). In parallel, a control 

sample without amiloride was prepared analogously. The both samples were incubated with 

the probe for 24 h at 37 °C and 5% CO2 atmosphere prior to confocal microscopy. Because 

amiloride is strongly luminescent under excitation at 405 nm the microscopic experiment was 
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performed with the excitation at 487 nm and emission of the probe was recorded in the red 

channel (570-620 nm). 

Intracellular pH calibration 

The CHO-K1 cells seeded in glass-bottom 35 mm dishes were incubated with BC-GA-Ir 

(0.25 mg/mL) at 37 °C for 24 h. To maintain a specific pH, high K+ buffer (30 mM NaCl, 120 

mM KCl, 1 mM CaCl2, 0.5 mM MgSO4, 1 mM KH2PO4, 5 mM glucose, 20 mM HEPES) 

with various in pH values (6.0 and 8.0) was used.[98–100] The cells were washed with the buffer 

4 × 1 mL and then incubated in the buffer in presence of nigericin (10 µM) at 37 °C for 30-40 

min prior to confocal microscopy.  

Confocal Luminescence Microscopy and PLIM Experiment 

All measurements were performed in humidified Stage Top Incubator Tokai HIT 

(Fujinomiya, Japan) at 37°C. Imaging of living CHO-K1 cells was carried out by using a 

confocal inverted Nikon Eclipse Ti2 microscope (Nikon Corporation, Tokyo, Japan) with 60× 

oil immersion objective. The emission of BC-GA-Ir was excited with 405 nm laser and 

recorded in 500–550 nm (green channel) or 570–620 nm (red channel) ranges. The 

fluorescence of LysoTracker™ Deep Red was excited at 638 nm and recorded at 663–738 

nm. The fluorescence of LysoTracker™ Green DND-26 was excited at 405 nm and recorded 

at 500–550 nm (green channel). The fluorescence of BioTracker 405 Blue Mitochondria Dye 

was excited at 405 nm and recorded at 425–475 nm (blue channel). Luminescent confocal 

microphotographs were complemented with differential interference contrast (DIC) images. 

The images were processed and analyzed using ImageJ software (National Institutes of 

Health, Bethesda, MY, USA). The quantitative co-localization analysis was performed using 

ImageJ JACoP Plugin to determine Pearson (P) and Manders (M1, M2) co-localization 

coefficients. Thresholds for M1 and M2 calculation were set by a visually estimated value for 

each channel. Results are represented as mean ±standard deviation.  

Phosphorescence lifetime imaging microscopy (PLIM) of CHO-K1 cells was carried out 

using a time-correlated single-photon counting (TCSPC) DCS-120 module (Becker&Hickl 

GmbH, Berlin, Germany) integrated into the Nikon Eclipse Ti2 confocal instrument. 

Emission was excited with a picosecond laser at 405 nm, phosphorescence was recorded 

using 575 nm long pass filter and 630/75 nm band pass filter and pinhole of 0.5–1.5. The 

following settings were used: frame time 7.30 s, pixel dwell time 27.30 µs, points number 

1024, time per point 25.00 ns, time range of PLIM recording 25.60 µs, total acquisition time 

100–140 s, and image size 512×512 pixels. Oil immersion 60× objective with zoom 5.33 
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provided a scan area of 0.05 mm × 0.05 mm. Phosphorescence lifetime data were processed 

with SPCImage 8.1 software (Becker & Hickl GmbH, Berlin, Germany) using 

monoexponential decay modes with an average goodness of the fit 0.8≤ χ2 ≤1.2. The average 

number of photons per curve were not less than 2500 at binning 7–8. The colors in the PLIM 

images show the measured lifetimes. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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