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ABSTRACT 

Cyclometalated Ir(III) complexes hold great promise as an alternative to platinum 

metallodrugs for therapy and diagnosis of cancer. However, low aqueous solubility and poor 

cell membrane permeability difficult in vivo applications. Here we have encapsulated for the 

first time, using polyurethane-polyurea hybrid nanocapsules (NCs), two phosphorescent tris-

cyclometalated Ir(III) complexes incorporating deprotonated 2-arylbenzimidazole ligands, Ir1 

and Ir2. Ir(III)-loaded nanocapsules (NC-Ir1 and NC-Ir2) showed a roughly round shape and 

controlled particle size distribution around 18 nm. The photophysical properties of aqueous 

solutions of NCs were similar to those of the free complexes in CH2Cl2, which accounts for 

the hydrophobic and protective environment generated by the nanoparticles around the cargo. 

Nanoencapsulation had also a positive effect on the cellular uptake of the metallodrugs and 

NCs were found highly cytotoxic towards several cancer cell lines, whereas Ir(III) complexes 

alone were found inactive. A strong tumor growth inhibition effect was also found in 3D 

tumorsphere cancer models owing to the high penetration capacity of small NCs. Finally, the 

mode of cell death of the NCs was found to be related with oncosis, and mitochondrial 

dysfunction and generation of extensive oxidative stress appeared to be also involved in the 

mechanism of action of these novel nanomedicines. 
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1. INTRODUCTION 

Metal complexes have shown impressive properties in different medical fields, especially in 

oncology, where platinum(II)-based drugs such as cisplatin and its second and third 

generation analogues are prescribed in most of the first line anticancer treatments in the 

clinics.1 Nevertheless, these compounds exhibit several serious drawbacks, including systemic 

toxicity in patients due to poor tumor specificity, and premature degradation/inactivation in 

blood stream, which become crucial issues to be considered when developing a safely 

metallodrug-based antitumor therapy.2 Hence, controlled accumulation and release of metal-

based anticancer drugs have aroused enormous interest in the last decades with the aim of 

improving their therapeutic efficacy.3 In this context, nanosystems have been postulated as 

efficient carriers for enhancing metallodrugs’ concentration in tumor cells.3-4 Indeed, most of 

the common nanomedical approaches, such as metal-organic frameworks (MOF),5 

liposomes,6 micelles7 or polymeric nanoparticles8 and nanocapsules,9 have been explored as 

potential candidates for targeted delivery of metallodrugs. In the case of liposoluble 

compounds, the effect of the nanocarrier should not only be restricted to enhance their 

accumulation in target tissues, but also to improve selective internalization in cancer cells, 

which really triggers their cytotoxic effect. 

Polyurethanes have gained interest in different biomedical applications, from stents10 or 

catheter implants11 to “polymeric director” groups12 and nanocapsules,13 since they exhibit 

reasonable toxicity and biocompatibility, together with accessible and feasible synthetic 

procedures. Polyurethane-polyurea hybrid nanocapsules (NCs) have been previously reported 

by our group as promising tools for different nanomedical solutions,14 for example, in the 

fields of immunotherapy15 and regenerative medicine.16 This approach takes advantage of the 

versatility provided by polyurethane chemistry to furnish water-dispersible, with no external 

surfactants needed, and industrial-scalable drug-loaded nanocapsules.17 In addition, the 

combination of amphiphilic groups and the ability of modifying their external surface charge 

under extracellular tumor microenvironment (TME) conditions, increasing their positive 

surface charge in acidic media, results in a higher accumulation in tumor locations compared 

with healthy tissues, and increased uptake by tumor cells.17 

On the other hand, the use of Ir(III) complexes in therapy as an alternative to platinum 

metallodrugs has increased in the last years.18 This is mainly because Ir(III) compounds 

possess several advantages with respect platinum complexes such as easier preparation and 

purification, air and moisture stability and remarkable tunability of their photophysical 
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properties. In addition, the combination of both anticancer activity and luminescence in 

octahedral cyclometalated Ir(III) complexes has allowed the development of new theranostic 

agents which offer both therapeutic promise and potential for diagnosis.19 Hitherto, neutral 

Ir(III) complexes have been the most studied phosphorescent materials20 since they exhibit 

excellent properties, including stability of the octahedral geometry in both reduced and 

oxidized states and long emission lifetimes, high quantum yields and tunable emission 

color.20a However, highly luminescent tris-cyclometalated iridium(III) complexes have been 

used to a much smaller extent in living systems than cationic bis-cyclometalated compounds. 

One of the reasons may be that they are generally electronic-neutral molecules and thus have 

very low water solubility. Therefore, the structures of complexes have been modified with 

cationic peptides,21 groups that increase water solubility,22 or groups that are pH sensitive.23 

Another strategy consists of using nanocarriers that transport the complexes inside the cells.24 

Thus, Ir(III) complexes incorporated in nanometric drug delivery systems could improve their 

biological performance, especially in terms of cellular uptake, solubility and 

biocompatibility.25  

Herein, we present the encapsulation, using polyurethane-polyurea hybrid nanocapsules, of 

two new phosphorescent, hydrophobic and neutral homo- or hetero- tris-cyclometalated Ir(III) 

complexes of the type [Ir(C^N)3] (Ir1) and [Ir(C^N)2(C´^N´)] (Ir2) (Figure 1), with the aim 

of exploring their photophysical, cellular uptake and biological properties. The C^N ligands in 

both complexes have in common the benzimidazole core which has been shown to be a 

widely used pharmacophore26 and has exhibited good biological performance in previous 

works of some of us.27 The Ir(III)-loaded nanocapsules were efficiently internalized in living 

HeLa cells compared to free complexes, and their photophysical properties resembled to those 

of the compounds dissolved in an organic solvent owing to the hydrophobic and protective 

environment provided by the nanocapsules around the compounds. Besides studying the 

antiproliferative activity of the Ir(III)-loaded NCs in 2D monolayer cancer cells and in 3D 

tumorsphere cancer models, the mode of cell death was investigated in detail.  
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Figure 1. Structure of tris-cyclometalated Ir(III) complexes, Ir1 and Ir2, investigated in this 

work. 
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2. EXPERIMENTAL SECTION 

2.1. Synthesis and characterization of Ir(III) complexes  

The first step for both complexes was the synthesis of the dimer complex [(Ir(μ-Cl)(C^N)2]2, 

which was carried out following a previously reported procedure.28 2-Phenyl-1-[4-

(trifluoromethyl)benzyl]-1H-benzo[d]imidazole (2.2 mmol) and iridium(III) chloride (1 

mmol) were dissolved in 2-ethoxyethanol/deionized H2O (3:1) in a Schlenk flask. The 

mixture was stirred at 110 ºC for 24 h under a nitrogen atmosphere. The mixture was cooled 

to room temperature, and the resultant solid was collected by filtration. The yellow solid was 

washed with water and ethanol and used without further purification. 

2.1.1. Synthesis and characterization of Ir1  

The homoleptic complex Ir1 was synthesized using an adaptation of a previously reported 

method.29 A solution of the cyclometalated iridium(III) chloro-bridged dimer (0.081 mmol), 

2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazol (0.59 mmol), and silver triflate 

(0.16 mmol) in 2-ethoxyethanol (2 mL) was heated at 95 °C overnight under nitrogen 

atmosphere. The solvent was concentrated under reduced pressure, and the product was re-

suspended in dichloromethane. The suspension was filtered with celite to remove the white 

AgCl precipitate, and the filtrate was solvent-stripped to dryness. Then, the obtained solid was 

washed with ethyl acetate to obtain the bright yellow product. 

Ir1. Bright yellow solid. Isolated yield: 65%. 1H-NMR (300 MHz, [D2]Methylene Chloride): 

δ (ppm) 7.55 (d, J= 8.1 Hz, 2H), 7.46 (m, 1H), 7.29 (m, 4H), 6.87 (t, J= 7.2 Hz, 1H), 6.72 (m, 

3H), 6.50 (d, J= 8.1 Hz, 1H), 5.97 (m, 2H). 13C-NMR (75.4 MHz, [D2] Methylene Chloride): 

δ (ppm) 163.7, 142.9, 141.0, 138.4, 136.9, 135.8, 131.1, 130.7, 130.1, 127.4, 127.0, 127.0, 

125.3, 124.3, 123.8, 120.7, 117.1, 110.8, 48.8. ESI-MS (pos. ion mode, CH2Cl2): m/z = 

1247.3001 [M+H]+, calcd. m/z 1247.3035. Anal. Calcd. for C63H42F12IrN6: C, 60.72; H, 3.40; 

N, 6.74. Found: C, 60.66; H, 3.41; N, 6.62 (%). 

2.1.2. Synthesis and characterization of Ir2  

The heteroleptic complex Ir2 was synthesized using an adaptation of a previously reported 

method.30 The iridium(III) dimer (1 mmol), 2-phenyl-1H-benzo [d]imidazole (10 mmol), and 

Na2CO3 (2 mmol) were all suspended in 2 mL of 2-ethoxyethanol. The mixture was refluxed 

for 3 h and the solid was filtered after cooling in the fridge for 2 hours. The crude was 

purified by chromatography column on silica gel eluting with dichloromethane.  
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Ir2. Yellow solid. Isolated yield: 31%. 1H-NMR (300 MHz, [D2]Methylene Chloride): δ 

(ppm) 9.65 (s, 1H), 7.50 (m,7H), 7.29 (m, 5H), 7.17 (m, 3H), 6.83 (m, 4H), 6.71 (m, 6H), 

6.46 (d, J=7.8 Hz, 1H), 6.40 (d, J=8.4 Hz, 1H), 6.32 (d, J=7.5 Hz, 1H), 6.07 (s br, 1H), 6.01 (s 

br, 1H), 5.93 (d, J=5.8 Hz, 1H), 5.71 (d, J=6.2 Hz, 1H). 13C-NMR (75.4 MHz, [D2]Methylene 

Chloride): δ (ppm) 174.5, 164.1, 163.2, 163.7, 143.5, 142.9, 142.8, 141.0, 138.5, 138.3, 137.8, 

136.8, 135.7, 135.5, 134.1, 134.0, 131.1, 130.7, 130.5, 127.4, 127.0, 126.9, 125.4, 125.3, 

124.5, 124.3, 123.9, 123.7, 123.7, 120.5, 120.4, 120.3, 117.1, 116.6, 112.6, 110.7, 110.6, 48.8. 

HR ESI-MS (pos ion mode, DMSO): m/z = 1089.2669 [M+H]+, calcd. m/z 1089.2691. Anal. 

Calcd. for C55H37F6IrN6. C, 60.71; H, 3.43; N, 7.72. Found: C, 60.82; H, 3.43; N, 7.60 (%). 

2.2. Synthesis of Ir(III)-loaded nanocapsules 

2.2.1. Synthesis of amphiphilic cationic polymer (P1) 

2,2´-Dihydroxyethyl disulfide (DEDS) (901.0 mg, 5.84 mmol, 11.68 meq), YMER N120 

(12.04 g, 11.59 mmol, 23.18 meq) and N-(3-dimethylaminopropyl)-N,N´-diisopropanolamine 

(Jeffcat DPA) (981.3 mg, 4.50 mmol, 8.99 meq) were added into a three-necked 

round-bottom flask equipped with mechanical stirring at room temperature and purged with 

N2. When the mixture was homogeneous, isophorone diisocyanate (IPDI) (8.14 g, 36.63 

mmol, 73.24 meq) was added into the reaction vessel under gentle mechanical stirring. The 

polyaddition reaction was kept under these conditions until the NCO stretching band intensity 

did not change, monitored by IR spectroscopy. At this point, dry THF (21 mL) was added into 

the reaction mixture in order to fluidify the polymer. In parallel, 1,3-diamino-N-

octadecylpropane (Genamin TAP 100D) (5.99 g, 17.73 mmol, 35.45 meq) was dissolved with 

dry THF (5.23 mL) into another 100 mL three-necked round-bottom flask, which had 

previously been purged with N2. The former reaction mixture was added dropwise onto the 

latter under half-moon 100 rpm mechanical stirring. The reaction was monitored by IR until 

the NCO stretching band intensity had completely disappeared. 

2.2.2. Synthesis of Ir1-loaded amphoteric NCs (NC-Ir1) 

IPDI (70.1 mg, 0.32 mmol, 0.63 meq) was added into a three-necked round-bottom flask 

equipped with mechanical stirring, precooled at 4 °C, purged with N2 and protected from 

light. In parallel, Ir1 (6.1 mg, 4.89 mol), Neobee 1053 (26.0 mg, 55.96 mol), polymer P1 

(813.7 mg, 0.09 meq) and dry THF (1 mL) were mixed in a vial, added into the flask and 

homogenized for 10 min at 150 rpm, protected from light. At this point, an alkaline aqueous 

solution of L-lysine was prepared by dissolving 0.93 g of L-lysine in 12.31 g of Milli-Q water 

and adjusting pH to 11.0 with 3 M and 1 M NaOH solutions (total L-lysine concentration 
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7.56% by wt). This solution (24.6 mg of L-lysine, 0.15 mmol, 0.29 meq) was added at 250 

rpm and the polyaddition reaction was checked after 15 min by IR. Then, the organic phase 

was emulsified at 300 rpm with cold Milli-Q water (7.12 g) and finally a 10% w/w aqueous 

solution of diethylenetriamine (DETA) (7.94 mg of DETA, 0.08 mmol, 0.23 meq) was added 

in order to generate crosslinked NCs from the nano micelles. The stirring was reduced to 100 

rpm. This polyaddition reaction was monitored by IR and pH measurements. Once the NCs 

were formed, THF was removed from the reactor at 35 °C under vacuum and the dialysis 

purification was carried out. 

2.2.3. Synthesis of Ir2-loaded amphoteric NCs (NC-Ir2) 

Encapsulation of complex Ir2 was carried out following the procedure used for the synthesis 

of Ir1-loaded amphoteric NCs. The exact amounts of the reagents used are detailed in Table 

S1. 

2.2.4. Synthesis of non-loaded amphoteric NCs (NC-GTCC) 

The procedure was based on the one used for the synthesis of Ir1-loaded amphoteric NCs 

with the exception that no iridium complex was added to the reaction. The exact amounts of 

the reagents are detailed in Table S2. 

2.3. Biological studies 

2.3.1. Cell culture 

HeLa cervical cancer cells and BGM primate kidney cells were cultured in Dulbecco's 

Modified Eagle Medium (1 g/L glucose) and supplemented with fetal bovine serum (10% v/v) 

and 1 mM L-glutamine in a CO2 incubator at 310 K. Sensitive and resistant A2780 and 

A2780cis ovarian cancer cells were cultured in RPMI-1640 cell media, supplemented with 

10% fetal bovine serum and 1 mM L-glutamine. Cell culture was maintained with a 

subculture routine of 2–3 times a week with an appropriate density for each cell line. To 

maintain the resistance to cisplatin of A2780cis, cisplatin (1 μM) was added to culture media 

every second passage. Cells were confirmed to be mycoplasma-free using a standard Hoechst 

staining method.31 

For cell treatments, both compounds and nanoparticles were prepared in serial dilutions using 

eppendorf tubes. For compounds Ir1 and Ir2, serial dilutions with sterile DMSO as a solvent 

were prepared to obtain stock solutions that were 250X concentrated. Then, cell media was 

used to further dilute the samples until 10X. By dispensing 10% of the volume per well into 

the cell plates, a final 1X concentration was achieved with final 0.4% DMSO (v/v). For 
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nanoparticles NC-Ir1 and NC-Ir2, stock water-dissolved solutions were directly diluted in 

cell media and were used for treatments thereafter. 

2.3.2. Cellular accumulation by ICP-MS 

Cellular accumulation from iridium complexes (Ir1 and Ir2) and from iridium-containing 

nanocapsules (NC-Ir1 and NC-Ir2) was measured in HeLa cells. The cells were seeded in 6-

well plates at a density of 6·105 cells/well in 1.8 mL of complete growth medium and 

incubated for 48 h prior treatment. Cells were then treated with 5 μM of the iridium 

complexes or nanocapsules for 2 h at 37 ºC and 4 ºC. After trypsinization, cells were counted 

and the pellets digested using Suprapur® nitric acid 30 % for 1 h. The amount of iridium was 

determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Three 

independent measurements were conducted (n=2 replicate). 

2.3.3. Cellular uptake by confocal microscopy 

HeLa cells were maintained in DMEM (Dullbecco Modified Eagle Medium) Corning 

GlutagroTM (10-101-CV) containing high glucose (4.5 g/L) and supplemented with 10% FBS 

(Fetal Bovine Serum (FBS) and 50U/mL penicillin-streptomycin. For cellular uptake 

experiments and posterior observation under the microscope, cells were seeded on glass 

bottom dishes (P35G-1.5-14-C, Mattek). 24 h after cell seeding, cells were incubated at 37 ºC 

for 30 min with free (Ir1 and Ir2) and encapsulated iridium compounds (NC-Ir1 and NC-

Ir2) (5 µM) in supplemented DMEM. Then, cells were washed three times with DPBS 

(Dulbecco's Phosphate-Buffered Saline) to remove the excess of the compounds and kept in 

low glucose (1 g/L) DMEM without phenol red for fluorescence imaging. 

All microscopy observations were performed using a Zeiss LSM 880 confocal microscope 

equipped with 405 and 488 nm lasers. The microscope was also equipped with a full 

enclosure imaging chamber (XLmulti S1, Pecon) connected to a 37 ºC heater and a 5% CO2 

providing system. Cells were observed using a 63X 1.4 oil immersion objective. The Ir(III) 

complexes were excited using the 405 nm laser and detected from 423 to 547 nm whereas 

iridium-containing nanocapsules were excited at 488 nm and detected from 497 to 597 nm. 

Image analysis was performed using Fiji.32 Unless otherwise stated images are colorized 

using Fire lookup table. 

2.3.4. Antiproliferative activity. 

A2780, A2780cis and HeLa cells were cultured in 96-well plates at a density of 5000 

cells/well in complete medium and incubated for 24 h in a humidified CO2 incubator at 37 ºC. 
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Serial dilutions of NC particles were added at final concentrations in the range of 0 to 30 

mg/mL in a final volume of 100 μL per well for indicated periods of time. After this 

incubation period, treatment-containing medium was aspirated by suction, cells washed with 

saline PBS buffer and loaded with 50 μL of MTT solution (1 mg/mL) for additional 4 h, then 

removed and 50 μL DMSO was added to solubilize the purple formazan crystals formed in 

active cells. The absorbance was measured at 570 nm using a microplate reader (FLUOstar 

Omega) and the IC50 values were calculated based on the inhibitory rate curves using the next 

the equation: 

𝐼 =
𝐼𝑚𝑎𝑥

1 + (
𝐼𝐶50
𝐶 )

𝑛 

Where I represent the percentage inhibition of viability observed, Imax is the maximal 

inhibitory effect, IC50 is the concentration that inhibits 50% of maximal growth, C is the 

concentration of the treatment and n is the slope of the semi-logarithmic dose-response 

sigmoidal curves. The non-linear fitting was performed using SigmaPlot 14.0 software. All 

experiments were performed in at least two independent studies with triplicate points per 

concentration level (n=3).  

For generation of multicellular tumor spheroids (MTCS), 96-well Corning® microplates with 

Ultra-Low Attachment surface coating were used. Briefly, a single suspension of HeLa cells 

at a density of 5·103 cells/well was prepared in complete DMEM medium and dispensed into 

wells. The plates were covered and transferred to incubator at 37 °C with 5% CO2 

atmosphere. Within 3-4 days, uniform 200 μm-diameter MTCS were formed from cell 

suspension and were maintained under these conditions. Cell culture medium was replaced 

every 3 days and treated NC-Ir1 and NC-Ir2 (6 μM) by replacing 50% of the media. The 

formation, integrity, diameter, and volume of the MCTS were monitored by a DMi1 inverted 

phase contrast microscope (Leica Microsystems). The volumes were calculated using the 

equation V = 4/3πr3. 

2.3.5. Cell death induction assays 

Cell death induction of the nanocapsules on HeLa cells was determined by dual FITC-

Annexin V/Propidium Iodide (PI) labelling method via flow cytometry. Briefly, HeLa cells 

were seeded in 12-well plates at a density of 1.5·105cells/well and incubated overnight. 

Testing treatments were added at indicated concentrations for 24 h and cisplatin was used as a 
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positive control for apoptosis induction. After treatment, cells were harvested by 

trypsinization, washed with binding buffer, centrifuged and the pellets were resuspended in 

185 μL binding buffer (Roche). Then, 5 μL Annexin-V-FLUOS and 10 μL PI were added and 

the resuspended cell solution was left at room temperature in the dark for 15 min. Cells were 

analyzed by flow cytometry (Beckton Dickinson FACSCalibur), 104 events acquired in each 

sample by registering at 620 and 525 nm for PI and Annexin V, respectively, λexc= 488 nm. 

Data were analyzed using FlowingSoftware version 2.5.1. The assay was performed in three 

independent experiences (n= 2 per replicate) yielding similar results.  

2.3.6. Morphological analysis of cells 

Cell morphology of HeLa cells upon treatment was determined by flow cytometry. Briefly, 

HeLa cells were seeded in 12-well plates at a density of 1.5·105cells/well and incubated 

overnight. Testing treatments were added at indicated concentrations for 24 h and cisplatin 

was used as a positive control for apoptotic changes induction. After treatment, cells were 

harvested by trypsinization, washed with binding buffer, centrifuged and the pellets were 

resuspended in PBS. Samples where then subjected to flow cytometry (Beckton Dickinson 

FACSCalibur), where 104 events were acquired per sample by plotting FSC-H (cell size) vs. 

SSC-H (cell complexity). Data were analyzed using FlowingSoftware version 2.5.1. The 

assay was performed in two independent experiences (n= 2 per replicate) yielding similar 

results. 

2.3.7. Cell membrane integrity test 

HeLa cells were seeded in 12-well plates at a density of 1.5·105 cells/well. After overnight 

incubation, treatments were added at indicated concentrations for 24 h.  Then, cells were 

harvested by trypsinization and the pellets were resuspended in propidium iodide solution (20 

μg/mL) for 15 min. Samples where then subjected to flow cytometry (Beckton Dickinson 

FACSCalibur). 104 events were acquired per sample in FL2-H channel. Data were analyzed 

using FlowingSoftware version 2.5.1. The assay was performed in three independent 

experiences (n= 2 replicates). 

2.3.8. Mitochondrial potential assessment  

Mitochondrial membrane potential was evaluated with the fluorescent probe JC-1 chloride 

(Promocell). HeLa cells in the density of 1.5·105 were seeded for 24 h in complete medium on 

12-well plates, and then treated with indicated concentrations of tested compounds for 24 h. 

Untreated cells contained maximal concentration of DMSO used in the treatment (0.4%) and 

were used as a negative control, whereas Antimycin A (50 μM) was used as a positive control 
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for mitochondrial dysfunction. After drug exposure, the cells were incubated with JC-1 dye (1 

μM) for 20 min and subjected to flow cytometry (FACSCAlibur BecktonDickinson; 104 

events acquired per sample), using λexc= 488 nm and registering emission in the range 430-

600 nm to discriminate green JC1 monomers (FL1-H channel) and red JC1 aggregates (FL2-

H channel). Three independent experiments were performed (n=2 replicates). 

2.3.9. Aerobic respiration and glycolytic rate evaluation 

The mitochondrial OXPHOS and glycolysis function of HeLA cells was measured by 

determining the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

in real-time with Seahorse XFe96 extracellular flux analyzer. HeLA cells were seeded at a 

density of 3·104 cells/well to the XFe96-well culture microplates (Seahorse Agilent) the day 

before. The sensor cartridge was hydrated through immersion on calibration buffer at 310 K 

in a non-CO2 incubator overnight. Buffered DMEM (Seahorse Bioscience) was used for 

glycolysis test prior to the assay. Cells were treated for 24 h at indicated concentrations with 

testing compounds. Then cell metabolism was assessed using XF Glycolytic Rate Test Kit. 

Different parameters were calculated by subtracting average respiration rates before and after 

the injection of a mixture of complex III electron transport chain inhibitors 

(Rotenone/Antimycin A, 1 µM) and glycolysis inhibitor (2-deoxyglucose, 50 mM). Each test 

had four replicates. 

2.3.10. Oxidative stress induction 

Briefly, HeLa cells were seeded in 12-well plates at 1.5·105 cells/well and treated for 24 h 

with nanoparticles at indicated concentrations; cisplatin (20 μM) was used as positive control 

for DNA damage induction. Cells were then collected by trypsinization, fixed in 400 μL 0.2 

% paraformaldehyde for 5 min and permeabilized with Triton X 0.5 %. After fixation and 

permeabilization, a 3 % FBS solution containing 0.6 μg/mL anti-pH2AX (ser139) FITC-

conjugated monoclonal antibody (CR55T33, eBioscience™) was added and incubated for 1 h 

at room temperature avoiding direct light. Cells were then analyzed using Beckton Dickinson 

FACSCalibur flow cytometer with 104 acquisitions per sample and registering FL1-H 

channel, λexc = 488 nm. Three independent experiments with n=3 were performed.  
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3. RESULTS AND DISCUSSION 

3.1. Synthesis of Ir(III) complexes. 

Ir(III) complexes Ir1 and Ir2 were synthesized in the thermodynamically favored fac-

configuration. The first step consisted of the synthesis of the dimer, [Ir(C^N)2(µ-Cl)2], by 

reaction of IrCl3·H2O with 2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazole 

(Scheme S1), which was previously synthesized.28 Homoleptic complex Ir1 was synthesized 

in a good yield (65%) by reaction of [Ir(C^N)2(μ-Cl)2] with an excess of the ligand, using a 

high boiling point solvent (2-ethoxyethanol) and silver triflate to extract the chlorides 

(Scheme S2).29 On the other hand, heteroleptic complex Ir2 was synthesized by reaction of 

the dimer with commercially available 2-phenyl-1H-benzo[d]imidazole in reflux of 2-

ethoxyethanol for 3 hours using sodium carbonate (Scheme S3).30 The product of this reaction 

was a mixture of the three possible neutral compounds: the previously synthesized [Ir(C^N)3] 

Ir1, [Ir(C^N)2(C’^N’)] Ir2 and [Ir(C^N)(C^’N’)2] (Scheme S4), being Ir2 the main 

component of the mixture. Similar behaviour was previously described.33 Pure heteroleptic 

complex Ir2 was isolated by silica column chromatography as the retention factor (Rf) 

depends on the number of NH groups of the complexes. Ir2 was eluted in second place 

(31%), preceded by the complex Ir1 (9%) and finally, the most retained product 

[Ir(C^N)(C’^N’)2] (13%) (Scheme S4).  

All investigated complexes were fully characterized by 1H and 13C NMR spectroscopy 

(Figures S1 and S3), positive-ion ESI-HRMS (Figure S2 and S4) and elemental analysis. The 

fac-mer configuration of the complexes was assigned using 1H-NMR. In fac-tris-

cyclometalated homoleptic Ir1, the three C^N ligands surrounding the central atom are 

magnetically equivalent due to C3 symmetry of the compounds. This makes the total number 

of resonances equal to the number of resonances of a single C^N ligand.34 The signals in the 

1H-NMR spectrum of Ir1 (Figure S1) correspond to 14 protons of three equivalent 

benzimidazole-based ligands. Recently, fac isomerism has been assigned to Ir(III) heteroleptic 

complexes with phenylpyridine ligands based on the synthesis temperature (~ 135 °C) and the 

simplicity of their 1H-NMR spectra.35 In our case, given the impossibility of obtaining valid 

monocrystals of Ir2 for X-ray diffraction, the fac configuration was assigned for these 

complexes based on the 1H-NMR spectrum (Figure S3) and the temperature of the synthesis. 

In both cases, the positive-ion ESI mass spectra exhibited the expected molecular ion (Figure 

S2 and S4).  
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3.2. Synthesis and characterization of Ir(III)-loaded nanocapsules. 

The synthesis of Ir(III) complex-loaded nanocapsules involved two main processes, as shown 

in Scheme 1: the preparation of an amphiphilic polyurethane-polyurea amino terminal-

reactive prepolymer (steps 1-3) and the metallodrug nanoencapsulation (steps 4-7). First, 

polymerization between the diol and the diisocyanate monomers afforded a reactive NCO-

terminated pre-polymer (step 1). When the theoretical % of isocyanate groups was reached, 

the polymer was dissolved in THF and added dropwise over a slightly excess of an 

hydrophobic diamine solution (step 2) to end-cap it with primary amines (step 3), which 

allows the storage of this intermediate avoiding moisture-promoted degradation due to NCO 

water sensitivity. This reaction was monitored by FT-IR until the complete disappearance of 

the NCO stretching band around 2250 cm–1 (Figure S5). For the nanoencapsulation process, 

the NH2-terminal polymer was reactivated with an excess of a diisocyanate derivative in THF 

and the Ir(III) complexes (Ir1 or Ir2) were added to this organic solution (step 4). Once 

confirmed the presence of isocyanate groups by FT-IR (Figure S6), a basic solution of L-

lysine was added dropwise under mechanical stirring, forming a water-in-oil nanoemulsion 

(step 5). Then, the phase inversion was triggered by addition of a fixed amount of water (step 

6) followed by the addition of diethylenetriamine, which rapidly resulted on crosslinked 

cyclometalated Ir(III) complex-loaded polyurethane-polyurea hybrid nanocapsules (NC-Ir1 

and NC-Ir2) (step 7). Both Ir(III)-containing nanocapsules as well as control nanocapsules 

lacking the metallodrug cargo (NC-GTCC) were purified by dialysis using a molecular 

porous membrane tubing with a 12–14 kDa MWCO. As shown in Figure 2, the introduction 

of both PEGylated and ionomeric groups, together with core-oriented lipophilic tails for 

solubilizing and stabilizing the metallodrug through hydrophobic interactions, defines the 

stratification of the shell. This structure provides a stable aqueous suspension of the 

nanocapsules exhibiting distinctive biological performance, such as long-circulation in blood 

stream and specific accumulation in acidic TME.17,36 In addition, the incorporation of 

disulphide bonds in the polymer backbone allows the specific biodegradation of the system 

under reductive conditions, which would facilitate the release of the Ir(III) metallodrugs.17 
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Scheme 1. Schematic representation of the preparation of the amphiphilic prepolymer (steps 

1-3) and of the nanoencapsulation process (steps 4-7). Abbreviations: 2,2´-dihydroxyethyl 

disulfide (DEDS), N-(3-dimethylaminopropyl)-N,N´-diisopropanolamine (DPA), isophorone 

diisocyanate (IPDI), 1,3-diamino-N-octadecylpropane (Genamin TAP 100D), 

diethylenetriamine (DETA). 

The size of the Ir(III) complex-loaded nanocapsules (NC-Ir1 and NC-Ir2) was studied by 

dynamic light scattering (DLS) and compared with that of the non-loaded NCs (NC-GTCC). 

As shown in Figures 2 and S7-S9, the average particle size distribution was centered 

approximately at 18 nm for NC-Ir1/Ir2, which was of the same order than that of non-loaded 

NCs (22 nm). In all cases, the standard deviation (SD) was very low (Table S3). The 

morphology of NC-Ir1 and NC-Ir2 was also studied by Transmission Electron Microscopy 

(TEM), and a roughly round shape and homogeneous particle size was revealed by TEM 

micrographs (Figures 2 and S10-S11). Although nanocarriers with size around 100 nm are 

usually designed to facilitate accumulation at the tumor site by the enhanced and permeability 

and retention effect (EPR),37 smaller nanomedicines (e.g. 15-20 nm) such as the Ir(III)-loaded 

NCs might be preferred for cancer therapy due to their higher tumor penetration.38 
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The Z-potential of the nanocapsules at different pH values (6.5, 7.0 and 7.5) was also 

measured to evaluate the pH-dependent amphoteric properties of the polymeric shell. As 

shown in Table S4 and Figure S12, the nanocapsules are slightly anionic under physiological 

conditions (pH = 7.4), particularly those containing the heteroleptic complex Ir2, but become 

cationic at low pH values. This is an important property since ensures long circulation half-

life in the blood stream, thereby allowing slow accumulation into abnormally vascularized 

tumor tissues where the relatively acidic environment (pH = 5.8-6.9) triggers NCs to become 

cationic entities and, consequently, with high internalization ability via association with 

negatively charged cell receptors.39 

The amount of Ir complexes (Ir1 and Ir2) inside the NCs was determined by ICP-MS 

analysis. As shown in Table S5, the encapsulation efficiency was relatively high in both cases 

(ca 40 %) considering that no external surfactants were used, and high loading of both 

hydrophobic Ir(III) complexes was obtained (e.g., 130 ± 16 M in NC-Ir1 and 206 ± 17 M 

in NC-Ir2). 

 

 

 

Figure 2. Left: schematic representation of the structure of a metallodrug-loaded nanocapsule, 

showing the orientation of the hydrophilic and hydrophobic tails of the prepolymer in a 

simplified way. It is expected to have multilayers self-stratified at the interface 

metallodrug/water in a gradient from inside to outside the nanocapsule wall driven mainly by 

hydrophobic interactions. Right: particle size distribution measured by DLS (top) and TEM 

micrograph (bottom; scale bar: 200 nm) of NC-Ir1.  
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Once confirmed that the Ir(III)-loaded NCs exhibited an adequate size and a relatively high 

Ir(III) complex loading, we focused on investigating their ability to specifically release the 

metallodrug cargo into cancer cells under reductive conditions as well as their stability. The 

latter is particularly important to avoid premature degradation and unspecific leakage of the 

metallodrug in the blood stream. It is well-known that the ratio of the reduced form of 

glutathione (GSH) versus the oxidized form (GSSG) is considerably higher in solid tumors 

cells than in healthy ones, being the intracellular concentration of GSH in the cytosol (2–10 

mM) much higher than in the blood or in the extracellular matrix (2–20 μM).40 This 

upregulation in cancer cells derives from the overproduction of this antioxidant tripeptide, on 

account of different biological mechanisms,41 to mitigate the oxidative stress which they are 

exposed to, allowing proliferation and, in most cases, enabling multidrug resistance (MDR).42 

The enhanced level of reduced glutathione is not exclusively, but thoroughly observed in solid 

tumor cells. For this reason, many nanomedical devices have taken advantage of this fact to 

selectively release anticancer drugs in the tumor microenvironment.43 In our case, disulfide 

bonds were incorporated in the polymeric wall to trigger degradation of the NCs by reductive 

enzymes and peptides overexpressed in the cytosolic environment of tumor cells and, 

consequently, the release of the metallodrug cargo.  

The disruption of the polymeric wall via GSH-mediated disulfide bond reduction was 

investigated by TEM analysis after incubation of NC-Ir2 for 2, 24 and 48 h at 37ºC in GSH-

supplemented PBS (10 mM).44 As shown in Figure S13, Ir(III)-loaded NCs maintained their 

morphology when they were incubated in PBS and the analyzed fields remained 

homogeneous, with no variations in terms of morphology or distribution along the screening. 

However, the amount of NCs clearly diminished over time, at the same magnification 

analysis, when incubation was carried out in GSH-containing buffer, which suggests that NC-

Ir2 suffer degradation through reduction of disulfide bonds incorporated along the 

polyurethane backbone of the NCs wall. It is also worth noting that NC-Ir2 modified their 

morphology after incubation for 48 h in GSH-supplemented PBS, mostly disappearing the 20-

25 nm spherical structures and forming non-defined aggregations (Figure S14), which can be 

associated with clusters of polymer and precipitation of the free Ir2 complex after being 

released. 

Additionally, the stability of the NCs was also evaluated in PBS containing BSA, which is 

one of the most abundant proteins in plasma, as well as in complete Human AB Serum. As 

shown in Figure S15, NC-Ir2 showed a clear spherical morphology and proper distribution 
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after incubation for 48 h both in BSA-containing PBS and in Human AB Serum, confirming 

the high stability of polyurethane, polyurea and disulfide bonds under common medical 

vehicles and human bloodstream medium, making them a suitable tool for intravenous 

administration. 

3.3. Photophysical properties 

The UV/Vis absorption and emission spectra were recorded in CH2Cl2 and DMSO for Ir(III) 

complexes (Figure S16) whereas water solutions were used for the nanocapsules (Figure 3). 

Ir1 and Ir2 exhibit characteristic absorptions of tris-cyclometalated iridium complexes.45 The 

luminescence lifetimes and emission quantum yields are summarized in Table S6. The 

luminescence lifetimes of Ir1 and Ir2 go from being nanoseconds in aerated solution to 

microseconds in degassed solution (Table S6 and Figure S17). These long-lived excited states 

compare well with the respective values for other phosphorescent Ir(III) compounds, which 

supports the triplet nature of the emission state.45ab
 Likewise, the luminescence lifetimes of 

NC-Ir1 and NC-Ir2 increased from ~70-90 ns in air equilibrated solutions to ~1.5 μs, in 

degassed solutions (Table S6 and Figure S18), as it happened with the free complexes in 

CH2Cl2.  

 

 

Figure 3. UV/Vis and emission spectra in aerated water solutions of A) NC-Ir1 (λexc= 378 

nm) and B) NC-Ir2 (λexc= 382 nm).  

 

This fact together with their similar spectra to that registered for Ir1 and Ir2 in CH2Cl2, is a 

good indicative of the hydrophobic environment generated by the nanocapsules. On the other 

hand, both complexes and nanocapsules exhibited high emission quantum yields in solution. 

Unlike free complexes, which were easily quenched by oxygen, the oxygen quenching of the 
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emission was less efficient when the complexes were encapsulated within the nanoparticles. 

While the emission quantum yields of Ir1 and Ir2 in an air-equilibrated solvent (Φair ≈ 3%) 

have a 30-fold reduction in luminescence features with respect to degassed solutions (Φ ≈ 

78%), NC-Ir1 and NC-Ir2 showed a smaller difference between aerated (Φair ≈ 20%) and 

degassed (Φ ≈ 40%) solutions. Interestingly, the nanocapsules displayed quantum yields of 

12-20% in aerated aqueous solution, which indicated that these nanostructures can be used in 

the presence of dissolved oxygen and still exhibit a high quantum yield. 

3.4. Biological activity of NC-Ir1 and NC-Ir2.  

3.4.1 Cellular uptake in cancer cells.  

The cellular uptake of Ir(III) complexes either alone or loaded into NCs was investigated in 

cervical cancer cells (HeLa) using inductively coupled plasma mass spectrometry (ICP-MS). 

As shown in Figure 4, after 2 h incubation the iridium content inside cancer cells treated with 

Ir1 and Ir2 at 6 µM was much lower than that found with Ir(III) complex-loaded 

nanocapsules at the same concentration, especially in the case of the homoleptic complex. 

Indeed, Ir accumulation from NC-Ir1 and NC-Ir2 was 6- to 14-fold higher than those found 

in HeLa cells treated with the free complexes Ir1 and Ir2, respectively, thus indicating that 

encapsulation in polyurethane-polyurea hybrid NCs allowed neutral Ir compounds to be 

rapidly internalized in the cells. Once attached to cell surface, these nanoparticles might 

passively diffuse to cells through the lipid membrane or translocate via endocytosis-mediated 

transport. Whereas at 37 ºC both passive and active transport across the membrane would be 

operative, at 4 ºC energy-dependent transport processes are generally unable to function, and 

only passive diffusion or cell membrane adhesion will be operational. Since decreasing 

temperature from 37 ºC to 4 ºC significantly reduced cellular uptake of Ir(III)-loaded NCs 

after 2 h (Figure 4), energy-dependent transport could be partially responsible for the 

increased accumulation at physiological temperature of NC-Ir1 and NC-Ir2. 
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Figure 4. Intracellular accumulation of Ir after 2 h with free or encapsulated compounds (6 

µM) determined by ICP-MS in HeLa cells. Data expressed as mean ± SD of three 

independent measurements (***p<0.001; unpaired t-test). 

 

Confocal microscopy in living HeLa cells was also used to investigate the cellular uptake of 

the compounds. As shown in Figure S19, luminescent aggregates of Ir1 and Ir2 were 

observed outside the cells due to the low solubility in water of the compounds. This fact is in 

good agreement with the ICP-MS results and confirms the poor cellular uptake of the free 

iridium complexes. By contrast, intracellular staining was observed after incubation with NC-

Ir1 and NC-Ir2 (Figure S20), thereby confirming an excellent cellular uptake of the Ir(III)-

loaded NCs.  

3.4.2. Antiproliferative activity in 2D and 3D cell culture models.  

The cytotoxic activities of Ir(III) complexes alone or encapsulated into polyurethane-polyurea 

hybrid NCs were tested against three 2D monolayer cancer cells by means of MTT-based 

assays (cervical cancer cells (HeLa), ovarian cancer sensitive (A2780) and resistant to the 

clinical drug cisplatin (A2780cis), as well as in non-tumorigenic normal renal cells (BGM). 

Ir1 and Ir2 compounds were found to be inactive against cells up to 100 µM (data not 

shown), which is in good agreement with ICP-MS studies that showed very low intracellular 

uptake of these compounds. In contrast, treatment with NC-Ir1 and NC-Ir2 resulted in high 

antiproliferative activity against cancer cells while cells treated with non-loaded NCs did not 

(Tables 1 and S7). This indicated that the cytotoxic action of the iridium(III) compounds 

greatly improved upon encapsulation. Overall, viability of HeLa cells was affected by NC-Ir1 

and NC-Ir2 treatment after 2 h and was further decreased after 24 h and 48 h, which could be 
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attributed to a higher release of the Ir(III) complex cargo over time, as suggested by TEM 

analysis (Figures S13-S14). The NCs were also active against ovarian cancer cells, showing 

remarkable antiproliferative activities in both cisplatin sensitive and resistant cell lines after 

24 h, whereas an absence of cytotoxicity was observed in BGM, thus indicating the ability of 

NC-loaded agents to preferentially eliminate cancer cells over normal dividing cells. 

 

Table 1. Cytotoxicity [IC50 mean values (µM)]a obtained for nanoparticles in cancer and normal 

cells based on the loaded metal concentration (Ir for NC-Ir1 and NC-Ir2; Pt for cisplatin).. 

  HeLa  A2780 A2780cis BGM 

 2 h 24 h 48 h 24 h 

NC-Ir1 23 ± 1 2.9 ± 0.2 1.77 ± 0.06 3.7 ± 0.9 10 ± 1 >85 

NC-Ir2 47 ± 6 3.6 ± 0.2 2.9 ± 0.1 2.5 ± 0.6 9.8± 0.9 >85 

Cisplatin - - 33 ± 6 1.4 ± 0.2 16 ± 1 16.6 ± 0.2 

a The results are expressed as mean values ± SD from at least two independent experiments 

(n=4). The terms >85 indicate that no IC50 was reached up to that concentration. 

 

The tumor growth inhibition effects of the complexes were also tested in multicellular HeLa 

tumor spheroids (MCTS). Three-dimensional MCTS models provide an in vitro cell culture 

system which mimics the in vivo features of solid tumors and represent a simplified 

approximation of the tumor microenvironment,46 thereby allowing a more realistic evaluation 

of the antitumor activities of the nanoparticles. NC-Ir1 and NC-Ir2 were incubated with 

MCTS after their formation and either fresh media or treatment-containing media were 

replaced every 3 days. Over a span of 15 days, period, shape, diameter and volume of the 

MCTS were monitored. In contrast to the control, the size of the spheroids did not increase in 

treated groups, indicating the ability to impair tumor growth in these 3D models (Figure 5 and 

Figure S21). This effect was maintained after 15 days of treatment, with shrank and 

disaggregated MCTS, demonstrating a strong tumor growth inhibition effect. 
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Figure 5. Changes in relative volume in MCTS over a span of 15 days. MCTS were treated 

with NC-Ir1 and NC-Ir2 at 6 M. Scale bar: 200 μm.  

 

3.4.3. Morphological alterations of the cells.  

In order to determine the mechanisms responsible for the cytotoxic effects of the Ir(III)-

loaded nanoparticles, confocal microscopy and flow cytometry techniques were first applied 

to observe the morphological alterations in HeLa cells. HeLa cells in culture appear as 

flattened epithelioid cells well-adhered to the surface. However, examination of these cancer 

cells after incubation with NC-Ir1 and NC-Ir2 revealed swollen cells that became rounded in 

shape and detached from substrate shortly after treatment, i.e. ~12 h (Figure 6). This effect, 

which might indicate cell death being induced, was prolonged after 24 h (Figure S22). Some 

of the cells also started to produce blebs in their cell membrane (Figure S23), which allowed 

us to rule out paraptosis as the main cell death mode since neither swelling nor blebbing are 

associated to paraptosis.47 Flow cytometry experiments using forward and side scatter plots 

(FSC and SSC) to discriminate cell size and cell complexity respectively were performed 

(Figure S24). In contrast to cisplatin-treated cells, which showed a decrease in FSC and a 

concomitant increase in SSC parameters corresponding apoptotic populations, cells treated 

with NC-Ir1 and NC-Ir2 revealed a main population of cells with increased size, which 

would confirm the cell swelling, and a second population of small cell particles defined by 

low FSC/SSC ratios corresponding to dead cells.  
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Control NC-Ir1 NC-Ir2 

 

   

Figure 6. Detection of cell swelling in HeLa cells after 12 h treatment with nanoparticles at 

equitoxic concentrations (2×IC50; i.e. 6 μM). Scale bar: 50 μm. 

 

3.4.4. Cell death induction by NC-Ir1 and NC-Ir2.  

To elucidate the mode of cell death induced by NCs loaded with Ir(III) compounds, flow 

cytometry experiments using a Annexin V/Propidium Iodide (PI) labelling method were 

performed. This dual-staining allowed the detection of four different populations: live cells, 

necrotic cells and early- and late-stage apoptosis. Although apoptosis is characterized by 

changes in phospholipid membrane symmetry, the disruption of the cell membrane integrity 

allows the detection of necrotic cells as they become permeable to PI. In the case of HeLa 

cells exposed to 20 μM of cisplatin, which served as a positive control, PI+ and double 

Annexin V+/PI+ populations were induced, revealing apoptosis and necrosis induction after 24 

h (Figure 7). Treatment with NC-Ir1 and NC-Ir2 also increased both Annexin V+ and PI+ 

populations; the latter being significantly produced. Overall, these results suggested that 

necrotic events in HeLa cells may be induced upon treatment. 
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Figure 7. Cell death induction in HeLa cells after 24 h treatment with NC-Ir1 and NC-Ir2 (6 

μM) or cisplatin (20 μM). Data expressed as mean ± SD from three independent experiments 

(*p<0.05, **p<0.01, ***p<0.001; unpaired t-test).  

 

Cells with compromised plasma membrane would allow PI to permeate into cytoplasm and 

intercalate to DNA. Therefore, detection of PI fluorescence by flow cytometry would allow 

the evaluation of cancer cell membrane integrity upon low-dose treatments with the 

nanoparticles (Figures S25 and 26). NC-Ir1 and NC-Ir2 for 12 h was sufficiently enough to 

affect membrane permeability and thereby induce loss of plasma membrane integrity. This 

was confirmed by confocal microscopy after staining with PI (Figure 8). The observed 

changes in cell morphology (cell swelling, blebbing and disruption of membrane integrity) 

were coherent with those found on FSC-SSC analysis, characterized by a reduction of cell 

size and complexity (Figure S22). Altogether, the onset of morphological events appeared to 

be consistent with oncosis or oncotic necrosis.48 
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 Control NC-Ir1 NC-Ir2 

 

   

Figure 8. Microscopy images of HeLa cells with membrane rupture stained with propidium 

iodide (red) after treatment with NC-Ir1 and NC-Ir2 at equitoxic concentrations (2×IC50; i.e. 

6 μM) for 12 h. Scale bar = 15 µm.  

 

3.4.5. Mitochondrial dysfunction.  

Since mitochondria play an important role in biological processes of cancer cells, including 

redox homeostasis and ATP production,49 a series of experiments were performed to 

investigate the impact of the present encapsulated agents on mitochondrial dysfunction. First, 

the effects on mitochondrial membrane potential (MMP) were evaluated after 24 h treatment 

with Ir(III)-loaded NCs using JC-1 staining. JC-1 dye exhibits bright red fluorescence signal 

upon potential-dependent accumulation in healthy mitochondria, whereas a shift to green 

fluorescence is observed if dissipation of MMP occurs. Similar to the electron transport chain 

inhibitor antimycin A, treatment with NC-Ir1 and NC-Ir2 completely depleted the MMP of 

HeLa cells after 24 h (Figures 9 and S27).  
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Figure 9. Mitochondrial membrane potential (MMP) of HeLa cells after treatment with 

antimycin A (50 µM) NC-Ir1 and NC-Ir2 (6 μM) for 24 h. (*p<0.05, **p<0.01, ***p<0.001; 

unpaired t-test). 

To further understand how mitochondrial bioenergetics were affected, extracellular 

acidification (ECAR) and oxygen consumption rates (OCR) were measured in real-time using 

a Seahorse XF-96 flux analyzer. As depicted in Figures S28, the administration of NC-Ir1 

and NC-Ir2 (6 μM) resulted in evident suppression of the glycolytic rate and mitochondrial 

respiration. On the one hand, HeLa cells incubated with Ir(III)-loaded NCs led to a 

suppression on OCR compared to Ir1 and Ir2-treatments, which increased mitochondrial 

oxidative phosphorylation, thus showing the ability of the encapsulated agents to impair 

mitochondrial function (Figure S28a). On the other hand, it is generally accepted that cancer 

cell metabolism is commonly shifted from mitochondrial respiration to aerobic glycolysis in 

what is known as Warburg effect.50 Ir(III)-loaded NCs abolished the glycolytic rate of HeLa 

cells, both basal glycolysis and compensatory glycolysis, as evidenced by reduced ECAR 

under basal conditions and after injection of mitochondrial respiratory chain inhibitors 

Rotenone/Antimycin A (Figure S28b-d). Different from them, no influences on acidification 

rates were found when treated with Ir1, Ir2 or cisplatin under the same conditions. Overall, 

these results suggest that treatments with NC-Ir1 and NC-Ir2 altered cancer cell metabolism 

by suppressing glycolysis and decreasing mitochondrial oxidative phosphorylation activity. 

Taking into account that iridium barely entered into cancer cells when administered as free 

compounds compared to encapsulated administration (see Figures 4 and S19-S20), such 
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differences in the biological effects could be attributed to the lower internalization of the free 

Ir(III) complexes rather than different intracellular distribution.  

3.4.6. Oxidative stress.  

Mitochondria are the major cellular source of reactive oxygen species (ROS) within cells. 

Since mitochondrial dysfunction can result in an elevation of ROS levels,51 we decided to 

assay the effect of canonical ROS on DNA damage as a marker of oxidative stress in cancer 

cells. Extensive ROS production can generate double-strand breaks in DNA that can be 

detected by using fluorescently labeled anti-γH2AX antibody specifically targeted to 

phosphorylated Ser139 of the variant of histone H2A. Our results showed that DNA damage 

was slightly induced by low-dose treatment (0.5×IC50; i.e. 1.5 μM) with NC-Ir1 and NC-Ir2, 

and more broadly at 2×IC50 concentrations after 24 h (Figure 10 and Figure S29). Strikingly, 

treatment with these concentrations significantly raised γH2AX populations as it did the well-

known damaging agent cisplatin. This led us to think that oxidative stress might be 

contributing to the mechanism of action of the present Ir(III)-loaded nanoparticles, probably 

as a result of mitochondrial dysfunction.  

To further confirm that ROS generation was a main contributor of the nanoformulation 

cytotoxicity, the influence of an exogenously-added antioxidant was studied. As presented in 

Figure S30, pretreatment of HeLa cells for 1 h with the cell permeable superoxide dismutase 

mimetic, MnTBAP, attenuated the nanoparticle-induced cytotoxicity at 2×IC50 concentrations 

for 24 h. The compensatory effects on cell viability exerted by this antioxidant supports the 

idea of extensive ROS generation being produced by these Ir-loaded nanocapsules. 
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Figure 10. Effect of NC-Ir1 and NC-Ir2 (1mg/ml) on oxidative stress of HeLa cells as 

measured by DNA damage detected as changes in γH2AX phosphorylation in the FL1-H 

channel after 24 h treatment. Cisplatin (20 µM) was used as a positive control for DNA 

damage induction. Data from three independent experiments (n=3 replicates).  
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4. CONCLUSIONS 

In summary, we have demonstrated for the first time that polyurethane-polyurea hybrid 

nanocapsules can be used to efficiently encapsulate hydrophobic metallodrugs under aqueous 

conditions, which opens the way to the development of novel metal-based anticancer 

nanomedicines. As a proof of concept, we have encapsulated two neutral phosphorescent tris-

cyclometalated Ir(III) complexes incorporating deprotonated 2-arylbenzimidazole ligands, Ir1 

and Ir2, and investigated their photophysical, cellular uptake and biological properties. A 

prepolymer was first designed and synthesized to facilitate the nanoencapsulation of the 

desired hydrophobic compounds without needing surfactants and under mild conditions given 

its self-emulsifying nature. This prepolymer incorporates suitable functional groups that 

dictate the pH-dependent amphoteric properties of the polymeric shell of the nanocapsules, as 

well as disulphide bonds to confer them degradability under reductive conditions. Both Ir(III) 

complex-loaded nanocapsules (NC-Ir1 and NC-Ir2) showed a controlled particle size 

distribution of approximately 18 nm and a roughly round shape according to TEM 

micrographs, and high drug loading content, as determined by ICP-MS. The UV/Vis 

absorption and emission spectra of aqueous solutions of NCs were similar to those of the free 

complexes in CH2Cl2, which accounts for the hydrophobic environment generated by the 

nanoparticles around the cargo. The fact that the oxygen quenching of the emission was less 

efficient when the complexes were encapsulated also supports the protective effect provided 

by the nanocapsules.  

Very importantly, we demonstrated by ICP-MS experiments that nanoencapsulation had a 

positive effect on the cellular uptake of the complexes since Ir accumulation from NC-Ir1 and 

NC-Ir2 after 2 h incubation in HeLa cells was 6 to 14– fold higher than those treated with the 

free complexes Ir1 and Ir2, respectively, and that energy-dependent mechanisms were 

involved in the cellular uptake of the NCs. The Ir(III)-loaded nanocapsules NC-Ir1 and NC-

Ir2 were found highly cytotoxic against cancer cells, including cisplatin sensitive and 

resistant ovarian cancer cells. By contrast, the free complexes Ir1 and Ir2 were found to be 

inactive against cells up to 100 µM which is in good agreement with their poor intracellular 

uptake. Importantly, cells treated with non-loaded NCs did not show antiproliferative activity 

and an absence of cytotoxicity was also observed in normal dividing cells (BGM), which 

indicates that Ir(III)-loaded agents may exhibit a preference for cancer cells. Besides showing 

high antiproliferative activities in 2D monolayer cancer cells, a strong tumor growth 

inhibition effect was also found in 3D tumorsphere cancer models after treatment with NC-
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Ir1 and NC-Ir2, which can be attributed to the high penetration capacity of the small NCs. 

Finally, we explored the mode of cell death induced by these agents and found that oncosis or 

oncotic necrosis matched with the array of phenomena observed. Shortly after treatment, i.e. 

~12 h, NC-Ir1 and NC-Ir2 produced cell swelling, blebbing and disruption of membrane 

permeability, which are features of oncotic cell death. Together with the plasma membrane 

leakage, mitochondrial dysfunction induced after 24 h and the generation of extensive 

oxidative stress appeared to be also involved in the mechanism of action of these Ir(III)-

loaded nanoparticles. 
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