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Abstract

:

This work reports the study of two-photon induced properties of a highly luminescent cyclometalated Ir(III) complex, [Ir(ppy)2(en)] OOCCH3 (1), ppy = 2-phenylpyridine, en = ethylenediamine. Steady-state and time-resolved fluorescence measurements were performed by exciting 1 at the biologically relevant wavelength of 800 nm, whereas, the generation of singlet oxygen (1O2) was evaluated using 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA) as a detection probe. Preliminary in vitro experiments with U87-MG cells were performed, showing the potential of this compound as a two-photon photodynamic therapy (2P-PDT) agent at NIR wavelengths.
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1. Introduction


Photodynamic therapy (PDT) is a minimally invasive clinical approach approved for the treatment of numerous cancers [1] and non-cancerous diseases, which include psoriasis [2,3], age-related macular degeneration [4], viral [5,6] and fungal [7] infections. It requires the simultaneous presence of three key components: a photosensitizer (PS), a light source and molecular oxygen. After light activation, PS transfers the absorbed energy to the surrounding molecular oxygen generating singlet oxygen (1O2), a highly reactive species able to cause oxidative damage to proteins, lipids and nucleic acids sited in its proximity, consequently leading to cell death [8].



However, most current PSs used for PDT applications are activated by wavelengths in the UV–Vis range [9], which cannot efficiently penetrate into the biological tissue, strongly hindering the use of PDT for the treatment of deep-seated diseases. To overcome this drawback more attention has recently focused on “deep PDT techniques” [10]—such as two-photon photodynamic therapy (2P-PDT)—which involves the use of two-photon absorbing PSs that are triggered by excitation wavelengths in the spectral NIR region [11,12]. Compared with linear UV–Vis excitation, two-photon excitation allows a higher spatial resolution [13] and a greater penetration depth into living tissues [14].



The key difference between 2PE-PDT and traditional PDT is the light absorption mechanism, while their other photophysical and photochemical processes are analogous [12]. In two-photon excitation, absorption of two photons of NIR wavelengths leads to the same excited state of the PS typically populated by the absorption of one photon of around twice the energy. The efficiency of two-photon absorption (2PA) can be identified as the 2PA cross-section (σ2) of the PS, which is similar to the molar absorption coefficient in a one-photon absorption process.



The first successful in vivo PDT experiment using a PS engineered for efficient two-photon excitation was reported by Anderson and co-workers in 2008 [15]. The authors synthesized a new conjugated porphyrin dimer and demonstrated—after injection, followed by two-photon irradiation at 920 nm—the selective closure of blood vessels in mice bearing skinfold window chambers [15].



Over the last few decades, transition metal complexes have attracted a growing interest as PSs and imaging probes for theranostic applications [16] and, more recently, as promising multi-photon absorbing materials [17,18,19].



In particular, the presence of a heavy atom, favoring the intersystem crossing process, leads to the population of excited triplet states, usually metal-to-ligand charge transfer (MLCT) excited states. Since these states have a distorted symmetry with respect to that of the ground state, the radiative deactivation is disadvantaged, whereas an energy transfer process towards molecular oxygen is favored, with consequent singlet oxygen generation.



Furthermore, the metal center can act as multidimensional scaffold assembling several two-photon active ligands in a variety of arrangements and, depending on the nature of the metal-promoting long-range intramolecular charge transfer processes, which are known to be crucial for improving nonlinear optical properties [20]. Hence, transition metal complexes that exhibit ILCT (intraligand charge transfer) and MLCT transitions, i.e., Ru(II) and Ir(III) compounds, turn out to be promising candidates for two-photon applications [21,22].



In 2009, Lemercier’s group reported the first example of in vitro 2P-PDT studies using a water soluble Ru(II) complex [23] as a photosensitizer. A few years later, Nam and colleagues synthesized and evaluated in vitro the first Ir(III)-based molecular dyad as a two-photon singlet oxygen generation agent and fluorescent probe [24]. Since then, a number of luminescent Ru(II) and Ir(III) complexes with two-photon absorption behavior have been developed for application in bioimaging and cancer phototherapy [11,25,26,27,28,29,30,31,32].



Previously, we reported the synthesis and characterization of the cyclometalated Ir(III) complex [Ir(ppy)2(en)] OOCCH3, (1), where ppy = 2-phenylpyridine and en = ethylenediamine [33] (Figure 1). The presence of a hydrophilic acetate as counterion induces a high water solubility (45 mg/mL), making the organometallic compound very appealing for biological applications.



Upon one-photon excitation, 1 displayed remarkably high phosphorescence quantum yield and oxygen photosensitizing ability [33,34]. Thus, based on the interesting photophysical properties, it was investigated in vitro and in vivo as a PS and luminescent probe, showing it could fully satisfy the requirements of a potential theranostic anticancer agent [34,35].



Herein, in order to extend the bio-applicability of the compound within the therapeutic window, σ2 value at 800 nm was determined and the two-photon induced properties were assessed. In particular, steady-state and time-resolved photoluminescence, as well as singlet oxygen generation ability, were explored. Then, its effectiveness as a 2P-PDT therapeutic agent was evaluated by preliminary in vitro tests with U87-MG cells.




2. Materials and Methods


Compound 1 was prepared according to our previously reported procedure [33].



Two-photon steady-state and time-resolved photoluminescence measurements were performed by means of an Edinburgh Instruments’ FLS 980 fluorometer using a pulsed Ti-sapphire laser (repetition rate = 80 MHz, pulse width = 140 fs, by Coherent Inc., Santa Clara, CA, USA) as excitation source. In order to synchronize the spectrofluorometer with the Ti:Sa pulses, a pulse picker was used to decrease the repetition rate from 80 MHz to 4 MHz.



Two-photon absorption cross section (   σ 2   ) at 800 nm was calculated by using a Rhodamine B methanol solution as reference [36], through the following equation:


   σ  2    (  s a m p l e  )    =  σ 2      (  r e f e r e n c e  )    ·    Φ   (  r e f e r e n c e  )       Φ   (  s a m p l e  )      ·    C   (  r e f e r e n c e  )       C   (  s a m p l e  )      ·    I   (  s a m p l e  )       I   (  r e f e r e n c e  )      ·    n   (  s a m p l e  )       n   (  r e f e r e n c e  )       



(1)




where Φ is the luminescence quantum yield, C is the concentration, I is the integrated luminescence intensity and n is the refractive index.



Two-photon-induced singlet oxygen generation was monitored by chemical oxidation of 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA) (Sigma-Aldrich, St. Louis, Missouri, MO, USA) in aqueous solution [37]. A volume of 15 µL of ABDA solution (2 mg/mL DMSO) was mixed with 300 µL of 1 water solution (8·10−5 M) and placed in a quartz cuvette with an optical path length of 0.1 cm. The absorption spectra were recorded upon irradiation at 800 nm for 15 min (100 mW/cm2) at 3 min intervals. For comparative purposes, a similar ABDA solution was dispersed in water and irradiated under the same conditions. Then, monitoring the ABDA absorbance as a function of number of moles present in solution [35], it was calculated the amount of reacted ABDA molecules, and conversely of 1O2, after a total irradiation time of 15 min. Absorption spectra were recorded using a Cary 300 UV–Vis spectrophotometer. To exclude any possible ABDA spectral variation due to photoactivated redox processes triggered by 1, absorption spectra of ABDA in presence of 1 in aerated and deaerated water solution were collected, detecting no significant spectral variation of the probe in absence of molecular oxygen.



Calcein-AM staining assay was performed on U87-MG cells (human glioblastoma cells). The cells were cultured with DMEM containing 10% FBS. One day before the experiment, the cells were plated into LabTek Chamber I. For the experiment, cells were incubated with a medium containing 10 µM of compound 1 for 1 h. Then, calcein-acetyoxymethyl (calcein-AM) was added at 2 µM. The region of interest (ROI) was scanned 10 times using an 800 nm, two-photon laser, at 100% power intensity (39 mW). After photo exposure, the fluorescence was collected in the ROI and at distance from the ROI using different excitation/emission wavelengths: compound 1 was excited at two-photon 800 nm, emission 535–590 nm; calcein was excited at 488 nm, emission 500–550 nm.




3. Results and Discussion


3.1. Two-Photon-Induced Luminescence


We previously reported and extensively discussed the absorption spectrum of 1 in different solvents [33] and for a better visualization, the absorption profile in aqueous solution is displayed in Figure 2a. The compound intensely absorbed in the UV region (250–300 nm), with weaker bands in the visible (390–450 nm), and shoulders between 460 and 480 nm due to a direct, spin-forbidden population of the triplet-excited states (3MLCT and 3LC mixed transitions). Under one-photon excitation at 400 nm, 1 exhibited a strong luminescence in the range 470–620 nm (Figure 2a); the emission quantum yield in air-equilibrated and deaerated aqueous solution was 0.1 and 0.96, respectively, with lifetimes on the time scale of hundreds of nanoseconds (395 ns in air-equilibrated water) to microseconds (2.37 μs in deaerated water) [32,36]. The long lifetime values confirmed the triplet nature of the emissive state. The significant quenching effect on the luminescence quantum yield and lifetime in the air-equilibrated condition confirmed that molecular oxygen in its ground state was able to interact with the triplet excited state of 1, highlighting, indirectly, the huge photosensitizing abilities of the organometallic compound.



The two-photon-induced luminescence properties of 1 were investigated in air-equilibrated aqueous solution by using a femtosecond Ti/sapphire laser as excitation source. As shown in Figure 2b, the obtained emission profile, upon two-photon excitation at 800 nm, was similar in shape and energy to that of the linearly-excited emission (Figure 2a), indicating that the same excited state was reached by either one or two-photon excitation. Then, the fluorescence lifetime of 1 was obtained using a time-correlated, single-photon counting technique. The resulting decay curve shown in Figure 2c, exhibits a bi-exponential behavior consisting of a slow component (388 ns)—which dominates the decay profile–and a very fast component (0.21 ns) with a relative intensity of 32%. The lifetime value of the long component was identical (within experimental error) to that reported by exciting the sample under one-photon excitation at 400 nm (395 ns), and was ascribed to the phosphorescence arising from the excited 3MLCT state. Regarding instead the fast component, in agreement with what was observed for the parent complex Ir(ppy)3 under two-photon excitation [38], it could be attributed to a fluorescence from the 1MLCT state populated by internal conversion from higher energy states, reached by two-photon absorption processes.



To investigate the 2PA properties of 1 in water, the 2PA cross section at 800 nm was determined by the two-photon excited fluorescence (TPEF) technique [14], using Rhodamine B as standard. The measured σ2 value of 1 was 3.5 GM (1 GM = 10−50 cm4 s photon−1). As suggested by Furuta et al., σ2 values should be higher than 0.1 GM for optical imaging applications in live specimens [39]. The σ2 value of 1 not only met the requirement mentioned above but it was higher than that of the clinical photosensitizer H2TPP (σ2 = 2.2 GM at 800 nm in chloroform solution) [40]. However, this value was lower than those of relative Ir(III) complexes bearing the same cyclometalated ligand (2-phenylpyridine) and extended π-conjugate diamine (N^N) ligands, such as a 5-fluorene-1,10-phenanthroline fragment (σ2 = 10 GM at 800 nm in degassed acetonitrile solution) [26], terpyridine fragments (σ2 = 50−80 GM at 800 nm in dichloromethane solution) [41] or (E)-2-styryl-1H-imidazo [4,5-f] [1,10] phenanthroline fragments (σ2 = 113−168 GM at 800 nm in methanol solution) [27].




3.2. Two-Photon-Induced Singlet Oxygen Generation


To gain insight in the potential of 1 as PS in 2P-PDT, the efficiency of 1O2 generation was measured by monitoring the time-dependent absorbance of ABDA, a specific probe for the detection of 1O2 [42]. In particular, ABDA reacted irreversibly with an 1O2 molecule which led to the corresponding endoperoxide resulting in the decrease in its optical density at 378 nm.



Figure 3a,b shows the absorption spectra of ABDA in aqueous solution (control) and in presence of 1 at different irradiation times (0–15 min), respectively. Although for the control sample no change in the ABDA absorbance was observed. In presence of 1 the ABDA absorption peaks decreased in intensity as the exposure time increased, highlighting the 1O2 generation ability of the Ir(III) complex on two-photon excitation. For an intuitive comparison, the values of the ABDA absorbance as a function of the irradiation time were plotted in Figure 3c, displaying a good linear relationship. Then, 1O2 generation was quantitatively estimated calculating the total number of moles produced upon photoirradiation, obtaining a value of 6.2·10−9 (Table 1). Considering the solubility of molecular oxygen in water at room temperature (0.27 mmol/L) [43], after 15 min of light-exposure at 800 nm, approximately one tenth of molecular oxygen present in solution was converted into 1O2.




3.3. Two-Photon-Induced Luminescence Imaging and Calcein-AM Assay on Human Glioblastoma Cells


To evidence the efficacy of the 2P-PDT effect, a cell experiment was conducted. In particular, the calcein-AM assay was performed on human glioblastoma U87-MG cells to determine the viability after incubation with 1 followed by two-photon excitation exposure. The acetoxymethyl derivate of calcein (calcein-AM) is a non-fluorescent hydrophobic compound that easily penetrates into viable cells. It was then converted by intracellular esterases to calcein, a strongly fluorescent compound that was retained in the cytoplasm of cells with intact membranes, producing an intense green signal (500–550 nm), whereas it was rapidly extruded from damaged or dead cells [44].



U87-MG cells were incubated with calcein-AM or with compound 1 and calcein-AM. An area of the cell medium was exposed to two-photon irradiation at 800 nm and the remaining region kept in the dark. Then, confocal laser scanning microscopy images were carried out detecting the luminescence signals arising from both calcein (green channel) and Ir(III) complex (red channel), by exciting the probe at 488 nm and 1 at 800 nm (Figure 4).



As clearly shown in Figure 4a–c, upon excitation at 488 nm a strong and intense green signal in small vesicles and in the cytoplasm was observed in U87-MG cells incubated only with calcein-AM and exposed to irradiation, indicating their viability and no toxic effects due to the NIR exposure.



In the further control experiment (Figure 4d–f)-cells were incubated with both calcein-AM/1 and not exposed to radiation—the luminescence of the organometallic complex, localized mainly in the cytoplasm, was clearly visible by exciting at 800 nm (Figure 4d). Then, upon excitation at 488 nm, a huge luminescence arising from the calcein probe was also detected (Figure 4e), highlighting the cell viability and consequently no citotoxicity of 1 without NIR-mediated activation.



On the contrary, in the area containing cells incubated with both calcein-AM/1 followed by NIR exposure (Figure 4g–i), the green luminescence intensity of the viability marker results changed, becoming very weak and diffuse (Figure 4h), pointing out a loss of cell viability. Since no cell death was recorded in the control groups, the results confirmed that the reduced cell viability in the experimental group was clearly due to a photocytotoxic effect of the organometallic compound after two-photon irradiation. Moreover, a change in the luminescence intensity signal arising from 1 was also observed (Figure 4g). In particular—comparing the confocal view of Figure 4g,d—a strong increase in the emission signal of 1 was easily observed in the area exposed to laser irradiation (Figure 4g) with respect to the unexposed one (Figure 4d). This evidence could be due to a further improvement in the solubility of 1 resulting from the local temperature increase following the laser exposure, and/or to a fast decrease in molecular oxygen concentration as a consequence of the photosensitizing activity of the Ir(III) compound. In fact, upon laser exposure, 1 generated 1O2 and other reactive oxygen species leading plausibly to molecular oxygen depletion. As previously described, molecular oxygen leads to a strong quenching of the luminescence of 1 and its emission quantum yield is brought back to a value close to unity in hypoxic conditions.





4. Conclusions


Using a femtosecond Ti/sapphire laser as excitation source, we obtained the emission spectrum and lifetime of [Ir(ppy)2(en)] OOCCH3 (1) in aqueous solution resulting from two-photon excitation. The 3MLCT-excited state showed the same photophysical features of those obtained for a linear excitation. In addition, the two-photon system allowed the detection of a short-lived decay corresponding to the fluorescence of the compound resulting from the radiative deactivation of the 1MLCT state.



Then, the photosensitizing ability of the cyclometalated complex at the biologically relevant wavelength of 800 nm was evaluated using the ABDA method and the 1O2 generation quantified.



Finally, in vitro experiments with U87-MG cells revealed that the investigated compound was able to strongly reduce the cell viability under two-photon exposure, while it had no effects on unexposed cells, highlighting its application potential as a 2P-PDT agent.
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Figure 1. Chemical structure of [Ir(ppy)2(en)] OOCCH3 compound (1). 
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Figure 2. (a) Absorption and emission spectra of 1 in water solution (2·10−5 M). The emission spectrum was acquired under one-photon excitation at 400 nm. (b) Emission spectrum and (c) time-resolved fluorescence decay of 1 in water solution (1.54·10−2 M) under two-photon excitation at 800 nm. The used fitting equation was I(t) = I0 + α1 exp (−t/τ1) + α2 exp (t/τ2), with I0 = 621.51, α1 (%) = 32, α2 (%) = 68, τ1 = 0.21 ns, τ2 = 388.4 ns and a χ2 = 0.973. 
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Figure 3. Singlet oxygen generation detected by ABDA method. (a) Photobleaching of ABDA by singlet oxygen at different irradiation times (0–15 min) in water, and (b) in presence of 1 (8·10−5 M). The experiments were carried out by using an ABDA concentration of 2.4·10−4 M and a laser beam at 800 nm (100 mW) as excitation source; (c) plotting of ABDA absorption at 378 nm as a function of the illumination time. 
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Figure 4. Representative confocal views of U87-MG cells incubated with 1 and/or calcein-AM (1, red signal, 800 nm excitation; calcein, green signal, 488 nm excitation). (a–c) Cells incubated only with calcein-AM and exposed to two-photon laser irradiation; (d–f) cells incubated with 1 and calcein-AM without two-photon laser irradiation; (g–i) cells incubated with 1 and calcein-AM and exposed to two-photon laser irradiation. Scale bar 20 µm. 
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Table 1. Moles of 1O2 generated after light exposure of 1 (λex 800 nm-100 mW-15 min) and calculated from the amount of reacted ABDA molecules.
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	Sample
	ABDA mol

(0)
	ABDA mol

(15 min)
	1O2 mol





	1
	7.62·10−8
	7.00·10−8
	6.2·10−9
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