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Abstract

:

Bisbenzimidazoles have a broad spectrum of potential applications: radioprotectors, drug delivery vectors, antiviral agents, etc. At the same time, they seem to be promising fluorescent probes for radiation measurements. Therefore, in the present work, a fluorescent response to X-ray irradiation of Hoechst 33258, one of the most widely known representatives of the bisbenzimidazole family, was studied for the first time. Irradiation of the dye was performed in aqueous and organic solutions (DMSO and glycerol), as well as in their mixtures. It is shown that the reaction of the dye to radiation exposure is very versatile and may be controlled by the solvent properties, which makes it possible to build relationships between the absorbed dose and a wide variety of parameters of its fluorescence signal. For example, irradiation may induce fluorescence quenching caused by the degradation of the dye, a change in the position of the fluorescence band maximum due to the modification of the dye molecules or to the radiation-induced changes in the properties of the medium, as well as a fluorescence flare-up mediated by the changes in pH.
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1. Introduction


Organic dyes are of considerable interest for the development of chemical dosimetry systems with optical response to irradiation for a wide variety of practical tasks from radiation processing and sterilization to nuclear and radiation medicine. However, even though radiation effects on organic dyes have been investigated since the 1940s–1950s [1,2], the studies in the field of their application in radiation measurements are small-scale and non-systematic. According to the literature data, of the variety of organic dyes, triphenylmethane [3,4,5] and azo dyes [6,7] are the most studied in this direction. Moreover, a number of works are known for coumarins [8,9], spiropyrans [10], styryl dyes [11], as well as for some representatives of the other families. Additionally, even though no evident correlation between the magnitude of radiation effect and the dye type has been found yet [12], some general strategies for their use in dosimetry can be identified.



In systems with dyes, irradiation can lead to a variety of optical effects. For example, radiation exposure may cause a change in UV–Vis absorption: initially colorless leuco-forms of dye molecules may acquire color, while bleaching or discoloration may be observed for colored compounds. A number of dosimeters have been developed on the basis of this principle: e.g., Perspex Amber 3042 (Sudan I and Sudan III) [13], Gammachrome YR (dimethyl yellow) [14], and PRESAGE (leuco-malachite green) [15]. Change in the dye fluorescence may be another marker of radiation exposure. In this case, irradiation can lead to both quenching of the signal [16], as well as to its enhancement [9]. However, the response of fluorescent dyes to irradiation is much less studied, even though the fluorescence-based approach of dose recording shows very promising results [17,18,19,20,21,22].



One of the families of fluorescent dyes potentially suitable for radiation measurements due to their physico-chemical properties are bisbenzimidazoles. This family includes original molecules Hoechst 33258, Hoechst 33342, and Hoechst 34580, as well as many of their analogues and derivatives (e.g., see in [23,24,25]). Although Hoechst dyes are known mainly as DNA-specific fluorophores for cell nucleus staining [26], they and their derivates also have a broad spectrum of other potential applications: radioprotection [27], targeted delivery of radionuclides [28], antiviral agents [29], fluorescent sensors [30], etc. Since almost nothing is known about the optical response of Hoechst dyes to irradiation (only the response of the dye–DNA complex to UV exposure was studied [31]), in the present work we have studied for the first time the effect of X-rays on the fluorescence properties of the most famous representative of bisbenzimidazole family—Hoechst 33258. This dye was chosen because of its wide availability and the high demand for it in chemistry and life sciences.




2. Materials and Methods


Experimental samples—solutions of Hoechst 33258 in distilled water, DMSO, and glycerol, as well as in their mixtures (water + DMSO or water + glycerol)—were prepared using commercial dye (Paneko, Moscow region, Russia) and corresponding solvents (Chimmed, Moscow, Russia). In all cases, Hoechst 33258 concentration in the 1.5 mL samples was 3.5 × 10–6 M. It was determined by the reported values of the dye molar absorption coefficient: ε340 ≈ 42 000 M–1 cm–1 [32]. To provide a conformal dose coverage, the experimental samples were placed in plastic Petri dishes of 35 mm in diameter (GenFollower, Shaoxing city, China), and then irradiated using LNK-268 X-ray machine (80 kVp, molybdenum anode, 8 mA anode current, effective energy of ≈30 keV; Diagnostika-M, Moscow, Russia). The samples were irradiated one at a time. During the exposure, the lid of the dish was left open.



Determination of the dose rate was performed using Fricke dosimeter (air-saturated solution in double distilled water of ammonium iron (II) sulfate (NH4)2Fe(SO4)2 • 6H2O (1 × 10–3 M) with the addition of H2SO4 (0.4 M) and NaCl (1 × 10−3 M)). Irradiation of the dosimetric solution was performed in the same conditions as experimental samples. The optical density was measured at a wavelength of λ = 304 nm. The absorbed dose rate was found to be 4.17 Gy/s.



Absorption and fluorescence spectra were recorded using UV-3101 PC spectrophotometer and RF5301PC spectrofluorimeter (Shimadzu, Kyoto, Japan). Fluorescence lifetime measurements (λEx = 375 nm) were performed by time-correlated single photon counting (TCSPC) method using a fluorescence steady-state and lifetime spectrometer FluoTime 300 (PicoQuant, Berlin, Germany). These experiments were performed in 1.0 × 0.4 cm quartz cells with 1 cm path length for excitation light. When calculating the lifetime of the excited state, χ2 did not exceed 1.3. The values of pH were registered on PB-11 device (Sartorius, Goettingen, Germany).




3. Results


The structure of Hoechst 33258 (2′-(4-hydroxyphenyl)-5-[5-(4-methylpiperazine-1-yl) benzimidazo-2-yl]-benzimidazole) is shown in Figure 1A. Figure 1B shows normalized absorption and emission spectra of the dye in distilled water (pH = 5.8), DMSO, and glycerol. In all three systems, the absorption maximum of Hoechst 33258 lies in the UV region, while the fluorescence maximum is in the bluish green or blue region of the spectrum (abs./em. maxima: 340/498 nm in water, 352/466 nm in DMSO, and 344/460 nm in glycerol). The lowest Hoechst 33258 fluorescence is found in water, while in DMSO and glycerol it is ≈11.7 and ≈6.8 times higher, respectively. The decay kinetics of Hoechst 33258 fluorescence in these solvents are shown in Figure 1C. The curve for the aqueous solution of the dye is described by single exponential, while those for DMSO and glycerol are described by double exponential. The corresponding lifetimes are τ1 = 3.91 ns (water), τ1 = 4.45 ns and τ2 = 2.79 ns (DMSO), and τ1 = 3.68 ns and τ2 = 2.03 ns (glycerol). Their contributions to the total fluorescence amplitude are shown in the inset to the figure.



Figure 2A shows the fluorescence spectra of the aqueous solutions of Hoechst 33258 irradiated with X-rays. As the dose increases, a drop in the dye fluorescence is observed: its intensity is about 50% of the initial value already at 25 Gy, and at 350 Gy the signal decreases to ≈4% and practically does not change up to the maximum studied dose of 2000 Gy. The position of the band maximum does not change significantly in this case. The radiation-induced quenching of Hoechst 33258 fluorescence is accompanied by a decrease in its absorbance (see inset to Figure 2A). This may indicate that the observed effect is associated with degradation of the dye molecules [16]. At the same time, a low-intensity band with maximum at λ ≈ 390 nm, which is absent in the non-irradiated system, appears in the fluorescence spectrum of Hoechst 33258. We assume that this peak corresponds precisely to the degradation products of the dye molecules. Its amplitude at first increases sharply, reaching a maximum at 200 Gy; then, however, a slightly smoother decrease in the signal is observed. The corresponding dependences of I/I0 (where I and I0 are the peak intensity of the fluorescence signals corresponding to irradiated samples and to non-irradiated control, respectively) at wavelengths of 500 nm and 390 nm on the absorbed dose are shown in Figure 2B. The first one has a clear exponential character, while the second dependence is a right skewed bell curve. The negative logarithm dose dependence pattern of these signals’ ratio (I500/I390) is very close to linear in the region of 0–150 Gy (see inset to Figure 2B).



Figure 2C shows the fluorescence decay kinetics of the irradiated aqueous solutions of Hoechst 33258 recorded at λEm = 500 nm. The corresponding lifetimes of the excited state of the dye and their contributions to the total fluorescence amplitude are presented in Figure 2D. The curve of the control sample is single exponential (τ1 = 3.91 ns). However, an additional short-lived component (τ2 ≈ 0.8 ns) appears in the irradiated solutions. Its contribution to the total fluorescence amplitude increases with the increase in the irradiation dose, and, starting from ≈250 Gy, it begins to exceed the contribution of the first component. It can be assumed that the short-lived component corresponds to the decay of the fluorescence intensity of the Hoechst 33258 products responsible for the appearance of the low-intensity fluorescence band at λ ≈ 390 nm. Indeed, the close-in-magnitude short-lived component dominates in the case of the decay kinetics of the dye fluorescence recorded at λEm = 390 nm (see inset to Figure 2C).



It is well known that the main effect of ionizing radiation in aqueous solutions is caused by the action of radical radiolytic products (i.e.,     e   a q   −    , H●, HO●, HO2●, OH–, H3O+, H2, and H2O2 [33]). Therefore, we studied the effect of glycerol and DMSO on the fluorescent response of Hoechst 33258 to radiation exposure. Both compounds are free radical scavengers and can, therefore, have a radioprotective effect [34].



When 6 × 10–2 M of glycerol (0.4% by volume) is added to the aqueous solution of Hoechst 33258, the sensitivity of the dye to radiation noticeably decreases (see Figure 3A,B). In this case, even at a dose of 2000 Gy, the fluorescence intensity does not fall below 25% of the initial value, and the corresponding dependence of I/I0 at λ = 500 nm on the absorbed dose is linear in the studied range. The peak position remains unchanged. The lifetime of the excited state of the dye also does not change under irradiation (the decay kinetics are shown in the inset to Figure 3A): τ1 = 3.92 ns in the non-irradiated control and τ1 = 3.88 ns at 2000 Gy. As in the case of the aqueous solutions of Hoechst 33258, a low-intensity band at λ ≈ 390 nm also appears in the fluorescence spectra of the samples irradiated in the presence of glycerol. However, its amplitude increases much more slowly—the maximum is reached at a dose of about 1500 Gy (≈7.5-fold higher than in water). The ratiometric fluorescent response to irradiation in semilogarithmic coordinates in this case is linear in the region of 200–1750 Gy.



The results of radiation exposure on the aqueous solutions of Hoechst 33258 in the presence of 6 × 10–2 M of DMSO (0.5% by volume) are shown in Figure 4. In this case, an effect opposite to radiation-induced quenching is observed: irradiation of the samples causes a sharp and strong increase in the fluorescence of the dye. Thus, the signal amplitude at a dose of 250 Gy increases by more than 3.5-fold. From this point on, the signal reaches a plateau, followed by a linear decline starting from 500 Gy (see inset to Figure 4A). However, even at a dose of 2000 Gy, the fluorescence intensity of Hoechst 33258 in the irradiated sample is ≈1.8-fold higher than in the non-irradiated control. Moreover, in the samples irradiated in the presence of DMSO, no band at λ ≈ 390 nm is observed. There is also no change in the lifetimes (decay curves are shown in the inset to Figure 4A).



Such behavior of Hoechst 33258 fluorescence seems to be partly due to the radical oxidation of DMSO. In aqueous solutions, DMSO preferentially reacts with HO● to form methane sulfinic acid (MSIA; H(CH3)SO2) and methyl radical or involves the formation of a hydrogen bond between the hydroxyl radical and the DMSO oxygen, which leads to the proton abstraction [35,36]. The formation of MSIA, in turn, leads to a change in pH of the solution. The corresponding dose dependence of pH mirrors the curve of change in the fluorescence signal in the range of 0–500 Gy (see in Figure 4B). At the same time, it is well known that fluorescence of free Hoechst 33258 flares up with an increase in the acidity of the medium within certain limits [37,38]. However, in our case, the position of the band maximum does not change, in contrast to the work by Barooah et al. (they found a bathochromic shift by ≈22 nm when pH was changed from 7.0 to 4.5) [38], and the type of dependence is somewhat different from that measured by Görner [37]. Nevertheless, the data obtained clearly demonstrate that Hoechst 33258 fluorescence may change not only due to the direct action of ionizing radiation or the interaction of the dye molecules with radiolytic products, but also may be mediated by a radiation induced change in the properties of the solvent.



The results of radiation exposure of the solutions of Hoechst 33258 in DMSO and glycerol are shown in Figure 5 and Figure 6, respectively. The investigated solvents differ from water not only in the type of formed radiolytic products, but also in physico-chemical properties (e.g., dielectric constant and viscosity), which may affect radiation–chemical processes during the exposure [39]. It is clearly seen that the sensitivity of the dye to radiation in these solvents is much lower than in an aqueous solution (differences in the response of the dye to irradiation in different solvents were noted earlier, for example, in the work by Barakat et al. [40]). For example, in DMSO, a decrease in the Hoechst 33258 fluorescence below 40% of the initial value is observed only at a dose of ≈2000 Gy, and the signal drops below 5% only at doses above 8000 Gy (Figure 5B). In this case, a sharp decrease in the signal by more than 2-fold observed at ≈1000 Gy is further replaced by a smoother section from 2000 Gy to 10,000 Gy, where the signal changes from ≈31% to ≈3.4%. In turn, the amplitude of Hoechst 33258 fluorescence in glycerol does not fall by more than 15% of the initial value even at 10,000 Gy (Figure 6B).



In both cases, radiation exposure leads to a shift in the position of the fluorescence maximum, and the corresponding dose dependences are two-component. Such behavior may be associated both with a modification of the chemical structure of the dye molecules and with a change in the properties of the solvent since the main part of the radiation energy is absorbed precisely in the medium. In DMSO, the peak first shifts from 466 nm to 492 nm at 1750–2000 Gy and then drops to 482 nm at 10,000 Gy. The inflection point of this curve corresponds to the inflection point of dose dependence of the relative signal amplitude. In glycerol, a rather sharp shift of the peak position from 460 nm to 474 nm at 1000 Gy is observed at the first stage. Further, it is followed by a much smoother shift up to 480 nm at the maximum studied dose of 10,000 Gy. Both dependences are characterized by pronounced linear sections (see Figure 5C (DMSO) and Figure 6C (glycerol), respectively). Thus, a change in the position of the fluorescence maximum may indicate a change in the absorbed dose even if irradiation does not substantially change the amplitude of the fluorescence signal, as in the case of Hoechst 33258 solution in glycerol.



Previously, in the fluorescence response of organic dyes to ionizing radiation exposure, only a change in the signal amplitude was often observed [9,16,21,22,41,42]. Additionally, although the sensitivity of the systems studied in the present work to radiation is not as high as, for example, that shown in [21], the results obtained seem to be useful. Nowadays, radiation dosimetry is faced with a task of registering doses of 10–6–1010 Gy from sources of various nature and characteristics in omnifarious environmental conditions, and, taking into account the wide availability of Hoechst 33258, it is quite possible to assume its use for the dosimetric support of experiments in the field of radiation chemistry and biology. It also should be noted that there is industrial demand for detecting systems designed to show the fact of irradiation and the achievement of the required dose threshold (first of all, this refers to the tasks of radiation processing and sterilization). In this cases, very simple control methods are needed. Therefore, a change in the emission wavelength noticeable to the naked eye may be fundamentally useful.



We also note that fluorescent dyes may be of interest as auxiliary agents for more complex dosimetric systems. For example, due to their ability to specifically bind to biomacromolecules (e.g., nucleic acids and proteins), they can be used to provide additional functionality to non-fluorescent supramolecular sensors of ionizing radiation, the response of which will not be determined by the first-hand effect of radiation on the dye molecules. Such systems, in particular, include supramolecular ensembles of low molecular weight DNA: in recent works we have demonstrated the ability of such systems to record doses from hundreds of Gy to hundreds of kGy [43,44]. A corresponding study of the possibility of functionalization of these systems with organic dyes for use in dosimetry and the detection of ionizing radiation will be carried out in our future works.




4. Conclusions


In the present work, the fluorescent response of Hoechst 33258, one of the most widely known representatives of the bisbenzimidazole family, to X-ray irradiation was studied for the first time. Solutions of the dye in distilled water and organic solvents—DMSO and glycerol (both are known as free radical scavengers and radioprotectors)—as well as in their mixtures were considered. The reaction of Hoechst 33258 to irradiation, both quantitative and qualitative, strongly depends on the solvent and is very versatile, which makes it possible to build relationships between the absorbed dose and a wide variety of parameters of its fluorescence signal. For example, two fundamentally different mechanisms of changing the intensity of Hoechst 33258 fluorescence are shown: (1) a quenching due to the degradation of the dye molecules caused by the direct action of ionizing radiation and its indirect action through the radical radiolytic products (observed in all cases, except for the aqueous solution in the presence of DMSO) and (2) a flare-up mediated by the radiation-induced changes in solvent properties (observed only in aqueous solution in the presence of DMSO in the dose range up to 350–500 Gy and caused by its radical oxidation and formation of MSIA).



Degradation of the dye is the most efficient in aqueous solution—in this case the fluorescence intensity drops close to zero already at 350 Gy. Since the degradation products of Hoechst 33258 in water seem to have their own fluorescence in the region of λ ≈ 390 nm, it is possible to register the dose change ratiometrically as well as by a change of the contribution of their lifetime to the total fluorescence amplitude. The same decrease in Hoechst 33258 fluorescence is observed in DMSO at the dose of 10,000 Gy, while the dye solution in glycerol is the most resistant to irradiation: even at 10,000 Gy, its fluorescence intensity does not fall by more than 15% of the initial value. Addition of glycerol to the aqueous solution of Hoechst 33258 also significantly protects the dye from irradiation. In this case, a twofold drop in the fluorescence intensity is observed between 1500 and 1750 Gy versus ≈25 Gy in water. Moreover, the absorbed dose may in principle be determined from the change in the position of Hoechst 33258 fluorescence maximum. This effect, well defined in organic solvents, can also work even if irradiation does not substantially change the amplitude of the fluorescence signal, as in the case of the dye solution in glycerol (the peak suffers a bathochromic shift from 460 nm to 480 nm at 10,000 Gy). The reason can be both the modification of the dye molecules and the radiation-induced change in the properties of the medium. Since the exact mechanism of this effect is unclear, it will be studied in detail in our future works. Thus, the example of Hoechst 33258 shows the wide possibilities of using fluorescent bisbenzimidazoles in chemical dosimetry and the detection of ionizing radiation.
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Figure 1. (A) Structure of Hoechst 33258. (B) Normalized absorption (solid lines) and emission (dashed lines) spectra of 5.25 × 10–6 M Hoechst 33258 in water (black), DMSO (red), and glycerol (blue). (C) Fluorescence decay curves of the dye in water, DMSO, and glycerol (the same color legend is used). (Inset) Contributions of the calculated lifetimes to the total amplitude of Hoechst 33258 fluorescence in the studied media. 
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Figure 2. Irradiation of aqueous solutions of the dye: (A) Fluorescence spectra of 3.5 × 10–6 M Hoechst 33258 at various doses. (Inset) Absorption spectra of non-irradiated dye solution (black) and that irradiated with 2000 Gy (red). (B) Dependence of I/I0 at λ = 500 nm (black) and λ = 390 nm (red) on the absorbed dose. (Inset) Linear section of the ratiometric fluorescence response to irradiation. (C) Fluorescence decay kinetics of Hoechst 33258 (λEm = 500 nm) at various doses. Inset shows the curves recorded at λEm = 390 nm. (D) Dependence of the lifetimes (black) and their contributions to the total fluorescence amplitude (red) on the absorbed dose. In (D), τ1 and A1 values are indicated by filled circles, while τ2 and A2 are indicated by hollow circles, respectively. 
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Figure 3. Irradiation of aqueous solutions of the dye in the presence of 6 × 10–2 M of glycerol: (A) Fluorescence spectra of 3.5 × 10–6 M Hoechst 33258 at various doses. Inset shows the fluorescence decay kinetics of the dye in non-irradiated control (black) and in the sample irradiated with 2000 Gy (red). (B) Dependence of I/I0 at λ = 500 nm (black) and λ = 390 nm (red) on the absorbed dose. 
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Figure 4. Irradiation of aqueous solutions of the dye in the presence of 6 × 10–2 M of DMSO: (A) Fluorescence spectra of 3.5 × 10–6 M Hoechst 33258 at various doses. (Inset) Dependence of the fluorescence intensity on the absorbed dose in the region of 500–2000 Gy. (B) Dependence of the relative signal amplitude (I/I0; black) and pH of the solution (red) on the absorbed dose. Inset shows the fluorescence decay kinetics of the dye in non-irradiated control (black) and in the sample irradiated with 500 Gy (red). 
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Figure 5. Irradiation of Hoechst 33258 in DMSO: (A) Fluorescence spectra of 3.5 × 10–6 M of the dye at various doses. Inset shows the normalized spectra. In each case, normalization was conducted using the maximum fluorescence intensity. (B) Dependence of the relative signal amplitude (I/I0; black) and peak position (red) on the absorbed dose. (C) Linear section of the dependence of peak position on the absorbed dose. 
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Figure 6. Irradiation of Hoechst 33258 in glycerol: (A) Fluorescence spectra of 3.5 × 10–6 M of the dye at various doses. Inset shows the normalized spectra. In each case, normalization was conducted using the maximum fluorescence intensity. (B) Dependence of the relative signal amplitude (I/I0; black) and peak position (red) on the absorbed dose. (C) Linear section of the dependence of peak position on the absorbed dose. 
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