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Abstract

:

As a vital biomolecule, DNA is known as a target of antineoplastic drugs for cancer therapy. These drugs can show different modes of interaction with DNA, with intercalation and groove binding being the most common types. The intercalation of anticancer drugs with DNA can lead to the disruption of its normal function, influencing cell proliferation. Methylene blue (MB) and acridine orange (AO) are examples of DNA-intercalating agents that have been studied for their application against some types of cancer, mainly for photodynamic therapy. In this work, the impact of light irradiation on these compounds in the absence and presence of DNA was analyzed by means of UV-vis spectroscopy. Bathochromic and hypochromic shifts were observed in the absorbance spectra, revealing the intercalation of the dyes with the DNA base pairs. Dyes with and without DNA present different profiles of photodegradation, whereby the dyes alone were more susceptible to degradation. This can be justified by the intercalation of the dyes on the DNA base pairs allowing the DNA molecule to partially hinder the molecules’ exposition and, therefore, reducing their degradation.
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1. Introduction


In living cells, deoxyribonucleic acid (DNA) plays an important role as the macromolecule responsible for genetic information carriage, and it is involved in several processes such as the synthesis of proteins and enzymes, mutagenesis, and carcinogenesis [1]. DNA is often pointed to as a target for drugs used in cancer therapy [2]. These drugs can interact with DNA mainly by means of intercalation or groove binding. DNA-intercalating molecules can interact through the insertion of these molecules between DNA base pairs, leading to disruption of their normal function and consequently affecting cell proliferation, resulting in anticancer activity [3,4,5]. Psoralen is an example of a molecule that is a DNA-intercalating agent and is used as a photosensitizer for photodynamic therapy applications [6,7]. Photosensitizers are molecules that, in the presence of O2 and upon activation by a determinate light wavelength, undergo photochemical reactions, producing reactive oxygen species (ROS) that can lead to cell death [8].



In this context, methylene blue (MB) is a photosensitizing agent that has been employed in many studies based on photodynamic therapy (PDT) for different types of cancer such as breast cancer, melanoma, and cervical cancer [9,10,11,12]. Due to the cationic nature of MB, it can interact with the DNA phosphate backbone through electrostatic interaction while a second possible interaction is attributed to the stacking with the DNA base pair, therefore in the intercalation mode [13,14,15,16].



Acridine orange (AO) is a weak base and known intercalating agent that is widely used in fluorescence. AO molecules can interact with acidic molecules such as double-stranded DNA, resulting in green fluorescence, or single-stranded DNA or RNA, resulting in red fluorescence, and can also interact with acidic structures such as lysosomes [13,17,18,19,20]. AO has already demonstrated promising application with PDT in bladder cancer and glioblastoma [21,22]. Furthermore, AO can be more selective to cancer cells. This selectivity is due to cancer cells presenting an acidic environment while normal cells are not acidic and because of that can eliminate AO quickly [23]. The dimeric form of AO presents electrostatic interactions predominantly with the DNA external part while the monomeric form acts mostly as an intercalator of the DNA base pairs [1]. As studied previously by Amado et al. [24], the interaction of DNA with AO presents two stages related to changes in the spectra with the increase in DNA. At low DNA concentrations, it presents a decrease in the ratio of absorbance at 490/470 nm, and in the second stage, there is an increase in the ratio, indicating aggregation of AO. Therefore, there is a certain proportion between AO and DNA that determines the mode of interaction.



For the application of drugs that interact with DNA, it is important to comprehend the involved interactions [1] as well as the effect of light irradiation on both DNA and molecules during PDT. The results obtained in previous studies in cell culture show the potential of MB and AO molecules (Figure 1) acting as photosensitizers [25,26,27]. As known DNA-intercalating agents, these compounds can play an important role in the photo-mediated damage of cancer cells. In this work, the interaction and the effect of radiation at different wavelengths were investigated for MB and AO molecules in the absence and presence of DNA. The results demonstrated that the effect of radiation is stronger on the MB and AO molecules, while in the presence of DNA, the molecules were not as susceptible to degradation as molecules only.




2. Materials and Methods


2.1. Preparation of Samples


Calf thymus DNA (ct-DNA), tris HCl, methylene blue (MB), and acridine orange (AO) were obtained from Sigma-Aldrich. A stock solution of calf thymus DNA (ct-DNA) was prepared by dissolving 50 mg of ct-DNA in tris-HCl buffer 10 mM pH 7.4. To completely dissolve the DNA, it was stirred for 48 h, and after complete dissolution of DNA fibers, it was transferred to a volumetric flask and the volume was adjusted with the buffer. The compound solutions were prepared from stock solutions of MB and AO to achieve a final concentration of 25 µM. For samples with DNA, ct-DNA was added at the concentration of 75 µM. The solutions were prepared in tris-HCl 10 mM pH 7.4 and transferred to a quartz cuvette. They were sealed in order to proceed with the irradiation studies.




2.2. Irradiation Studies


For the irradiation studies, the solutions were placed in the closed quartz cuvettes to be irradiated. The MB and DNA solutions and the AO and DNA solutions were exposed to a red LED light source at 640 nm and a blue LED light source at 457 nm, respectively. All of the solutions were submitted to UVC light with a peak at 254 nm (PHILIPS TUV PL-S 5W/2P Hg). The closed quartz cuvettes filled with the solution were placed at 12 cm under the source of light with an average irradiance of 9.5 W/m2 for the UVC light, 38.9 W/m2 for the blue light, and 24.3 W/m2 for the red light. The irradiance was measured by a Delta OHM photo/Radiometer (HD 2102.2) (Delta OHM—a member of the GHM GROUP, Via GMarconi, 5, Caselle di Selvazzano, Padua 35030, Italy). The solutions were submitted to different durations of irradiation (cumulative time), with the temperature and humidity maintained at around 22 °C and 60%, respectively. The analysis was performed using ultraviolet-visible light in a Shimadzu spectrophotometer (UV-2101PC) (SpectraLab Scientific Inc., 38 McPherson St., Markham, ON, Canada) with scanning from 900 to 190 nm, using appropriate solutions as a reference.



A mathematical technique of 2D-correlation spectroscopy was applied to analyze the changes induced by irradiation observed in the UV-vis spectra. This technique was applied to analyze minimal changes in the spectra [28] caused by the effect of the wavelength irradiation on the dye molecules with and without DNA. For the two-dimensional correlation spectroscopy the software 2D Shige 1.3 was used, free software developed by Shigeaki Morita (Osaka Electro-Communication University, Osaka, Japan) [29,30].





3. Results


We carried out via UV-vis spectroscopy the analysis of the molecules’ interaction and the effect of the application of irradiation. The UV-vis spectra of the DNA, MB, and AO molecules are presented in Figure 2. Three main regions in these spectra were analyzed, namely, the region around 260 nm related to the DNA absorbance peak, while for the intercalating molecules, the main regions of interest were the absorbance peaks in the visible region around 490 nm and 660 nm for the AO and MB molecules, respectively.



The DNA absorbance characteristic band at 260 nm (Figure 2A) is associated with the DNA bases [31,32,33]. The MB spectrum displayed in Figure 2B is also in accordance with the literature, presenting the band at 664 nm associated with n–π* electronic transitions related to the C = S+ chromophore group present in the dye [34], the band at 614 nm associated with vibronic 0–1 transition [35], and the band at 292 nm associated with π–π* benzene electronics transition [34]. In the case of the AO spectra (Figure 2C), there are two main peaks: one at around 488 nm and another at 266 nm, both corresponding to π–π* transitions [36].



Figure 2 also shows the comparison of the spectrum of the DNA and the spectra of the solutions of the dyes prepared with and without DNA. In Figure 2B, the spectra reveal the bathochromic effect that occurs in the MB band caused by the DNA, with it shifting from 664 nm to 667 nm and with a decrease of about 1.5 times in the absorbance when in the presence of DNA, which is expected from a DNA intercalator [37]. For AO Figure 2C, on the other hand, there is a slight hypochromic effect with a significant shift in the band from 488 nm to 497 nm in the presence of DNA. Furthermore, in the case of AO molecules, it is possible to have two different forms of AO: monomers and dimers. To evaluate the predominant form of AO in our studies, we evaluated the ratio between the 490 nm and 475 nm spectra associated with the monomeric and dimeric forms, respectively [24,38,39]. It is possible to observe a slightly broad peak around 490 nm for AO only, whereas a sharp peak in the AO in the presence of DNA (red line) was observed, indicating that the addition of DNA led to the disaggregation of AO molecules, which is also clarified by the ratio of 490/475 nm, where we obtained values of 1.02 for AO only and 1.16 for AO + DNA.



To understand the effect of irradiation on the DNA molecule in the presence of the dyes, irradiation kinetic studies were performed on MB and AO solutions in the presence and absence of DNA. The UV-vis spectra of control solutions without irradiation, kept in the dark for 24 h, did not reveal significant changes in the spectra (Supplementary Figure S1).



The spectra of MB, DNA + MB, and DNA solutions irradiated with 640 nm wavelength light during several time periods are shown in Figure 3A–C, respectively. From the evolution of MB and DNA + MB spectra with the increase in irradiation time, one can observe a decrease in absorbance, revealing the damage to MB molecules in both cases. The damage is stronger when the MB is alone, meaning that DNA avoids MB degradation. What is more, a bathochromic shift, with a deviation in the MB band when in the presence of DNA, changing from 664 nm to 667 nm, is observed as well as a hypochromic shift that is related to the intercalation between the DNA base pairs [37]. However, the irradiation of DNA solutions does not lead to DNA damage under the same irradiation conditions. The values of normalized absorbance at the 260 and 664 or 667 nm peaks as a function of irradiation time for the different solutions are shown in Figure 3D. The absorbance at 260 nm is time-independent for the DNA solutions and decreases slightly for the case of DNA and DNA + MB solutions. As the decay is similar for these last two solutions, these results suggest that DNA does not suffer significant alterations that lead to changes in the spectra when irradiated at 640 nm; however, during the time studied, the DNA was slowly damaged. Furthermore, the MB peak at around 664 nm shows different results from normalized absorbance, indicating that MB alone was more susceptible to damage by irradiation than MB in the presence of DNA.



The AO, DNA + AO, and DNA solutions were irradiated with 457 nm wavelength light. The UV-vis spectra achieved for the different periods of irradiation are presented in Figure 4A–C, respectively. The evolution of the AO absorbance in Figure 4A shows an accentuated decrease in the AO characteristic band and, compared to Figure 4B, the presence of DNA leads to a shift from 488 nm to 497 nm in the AO band. The plot of the normalized absorbance in Figure 4D shows a slight decrease in the normalized absorbance at 260 nm for DNA, which is more significant for DNA + AO and AO only. For the absorbance region at around 488 nm, there is a significant difference between samples with and without DNA, which shows the higher damage of AO in the absence of the DNA molecule.



As UVC can affect the DNA, MB, and AO molecules in common, the results of our irradiation studies are shown in Figure 5, where both intercalators were irradiated with a UVC lamp in the presence and absence of DNA. It is possible to observe some degradation of the MB in the absence and presence of DNA, as well as for AO. DNA only (Figure 5E) shows a minimal decrease in absorbance at 260 nm which could be due to the formation of photoproducts such as cyclobutene pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs) [40]. This indicates some damage to the biomolecule, which was not observed in the case of DNA irradiated with other wavelengths. In Figure 5F, the plot of the normalized absorbance in the function of the irradiation time shows that the peak at 260 nm does not have a significant decay effect when compared to the absorbance decay related to the MB and AO characteristic bands. Comparing the absorbance of the peaks of MB with AO, it is possible to see a higher degree of degradation affecting the AO band, mainly for AO alone.



The UV-vis spectra were analyzed over the radiation time using 2D spectroscopy. Synchronous 2D correlation maps of AO, DNA + AO, and DNA samples submitted to irradiation with blue light (457 nm) and UVC (254 nm) light sources are shown in Figure 6A,B, respectively. The synchronous maps resulting from spectra related to AO solutions irradiated at 457 nm are shown in Figure 6A(i), where it is possible to observe two autopeaks, one around 266 nm and another at 488 nm, which indicate a change in the intensity of the absorbance bands associated with π–π* transitions. A cross peak at (266 nm and 488 nm) indicates that the spectral variation of the 266 nm peak is related to changes in the 488 nm peak. It also shows a negative correlation from 300 to 400 nm. From the synchronous correlation map achieved from the DNA + AO solution spectra (Figure 6A(ii)), it is possible to see a significantly less intensive autopeak near to 488 nm, meaning that the change with time was minimal compared to AO alone. Figure 6A(iii) shows the synchronous map of the DNA submitted to the same wavelength of irradiation. This map only presents a very low intensity autopeak at around 200 nm. For the case of samples irradiated with 254 nm wavelength light, the synchronous map of AO solution spectra shows the two autopeaks at 266 nm and 488 nm associated with AO degradation (Figure 6B) and also the cross peak at (266 nm and 488 nm), and in the presence of DNA, only the autopeaks at 488 nm are observed, with them being less intense than those observed in the case of AO only. The synchronous map of DNA submitted to irradiation at 254 nm shows a minor signal near 200 nm, indicating some changes in the DNA molecules.



The 2D correlation maps from the spectra of MB in the presence and absence of DNA are presented in Figure 7A,B for the 640 nm and 254 nm irradiation, respectively. For the map of MB spectra submitted to irradiation of 640 nm, it is possible to observe a region of red color at around 600–700 nm, with two autopeaks which are related to the decrease in the MB absorbance bands associated with both n–π* electronic and vibronic 0–1 transitions. The intensity of these autopeaks is higher than the one observed for the spectra of MB with DNA submitted to the same irradiation conditions, as shown in Figure 7A(ii), which also shows a small autopeak at around the 664 nm band. For the sample of DNA only (Figure 7A(iii)), it is possible to observe a small signal at around 200 nm, while for the DNA submitted to 254 nm irradiation (Figure 7B(iii)), it shows a slightly more intense signal, meaning some changes in the DNA band. For the case of MB and DNA + MB solutions irradiated at 254 nm, the synchronous correlation maps are shown in Figure 7B(i,ii), respectively, and show similar patterns regarding the autopeaks to those irradiated at 640 nm, mainly in the region between 600–700 nm.




4. Discussion


MB and AO are molecules that have gained the interest of researchers for studies regarding their application in the photodynamic therapy of cancers [10,21,22,41]. However, fundamental experiments regarding the interaction of these molecules with DNA are still necessary. In our study, we have shown that these molecules in the presence of DNA show a similar pattern, with hypochromic and/or bathochromic shifts in the UV-vis spectra, which are characteristic of intercalator agents [37]. However, through the normalized absorbance of the irradiated samples, it is possible to observe that the presence of DNA resulted in lower degradation of these molecules, which could possibly be attributed to the insertion of the MB and AO into the DNA, partially hindering the effect of irradiation of these molecules. Furthermore, in the literature, the possible effect of intercalators leading to DNA condensation has been reported [42,43]. Therefore, the intercalating molecules, mainly considering the positively charged MB and AO, are probably able to interact with the elongated DNA strands, thus changing to a compact structure. This potential mechanism could be the reason why small intercalator molecules and also DNA can be less susceptible to light irradiation.



The fitting of the normalized absorbance with an exponential function exhibited different characteristics of time constants (τ) as shown in Table 1. For the region of the MB characteristic band, for both irradiation sources (red light and UVC), degradation was faster for the MB alone when compared to MB with DNA, with an increase in the time constant value, approximately double that of the τ obtained for MB only. The same behavior was observed for AO, which showed a time constant of around 130 min for AO alone, while for the system containing AO with DNA, it increased almost twice that of the time constant. This observed behavior demonstrates that the addition of DNA affected the degradation of the molecules by increasing the time constant of the compound’s degradation. This is possibly connected to the mode of interaction of the molecules that, through the intercalation between the DNA base pairs, are less susceptible to irradiation when compared to solution alone. On the other hand, as the interaction of the DNA with these molecules hinders their degradation, DNA can be more susceptible to radiation or not.



Although the light sources did not present the same irradiance values, there was no significant difference in the time constant obtained from the normalized absorbance of the AO peak in the absence of DNA. For the DNA + AO, the time constant of the AO peak of the sample irradiated with blue light presented a slightly reduced value when compared to the one achieved for irradiation with UVC. This may be attributed to the high sensitivity of AO to blue light [44]. MB, on the other hand, was more affected by UVC light when compared to the system irradiated with red light, showing that despite the different irradiance, the red light is less energetic [45], leading to smaller degradation when compared to UVC.



Since irradiation did not show much degradation of the DNA in our spectroscopic studies, it is important to emphasize that possibly through the irradiation of the DNA with the intercalants, the effects of damage on the DNA occur, since this has been extensively reported in the literature [46,47,48,49]. Possibly, this photodegradation of DNA could be evaluated by exploring other techniques, such as confocal fluorescence shown in the studies of Bernas et al. [50], who showed effective photo-denaturation of DNA with AO molecules. Moreover, future studies testing the effect of light dose as well as different concentrations of DNA could be interesting to understand the effect of these intercalating molecules on DNA.




5. Conclusions


The interaction of ct-DNA with MB and AO molecules was confirmed by the bathochromic and hypochromic shifts observed in the DNA UV spectra in the presence of photosensitizer molecules. These shifts are explained by the intercalation of photosensitizer molecules between the DNA base pairs. From the point of view of the analysis of the effect of radiation on the DNA in the presence of the dye molecules, different profiles of degradation with different characteristic times were observed for dyes in the presence and absence of DNA. These results demonstrate that dyes in the absence of DNA are more susceptible to photodegradation. This is justified by the intercalation of the dyes on the DNA base pairs allowing the DNA molecule to partially hinder the molecules’ exposition and, therefore, reduce their degradation. However, further studies should focus on the effects it has on the DNA molecule and the effects on the DNA bases separately, as a significant difference in the absorbance at 260 nm, the characteristic peak of DNA, was not observed.
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Figure 1. Structure of the molecules methylene blue (MB) and acridine orange (AO). 
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Figure 2. Comparison of the DNA and the intercalating molecule spectra with and without DNA. (A) DNA (black line), (B) MB (blue line) DNA + MB (purple line), (C) AO (red line), and DNA + AO (pink line). 
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Figure 3. Kinetics of samples submitted to irradiation at 640 nm. (A–C) Spectra of the irradiated samples: MB, DNA + MB, and DNA, respectively. (D) Kinetics of the two main regions found for these samples: region of the DNA (260 nm) and region of the MB (approximately 664 nm). 
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Figure 4. Kinetics of samples submitted to irradiation at 457 nm. (A–C) Spectra of the irradiated samples: AO, DNA + AO, and DNA, respectively. (D) Kinetics of the two main regions found for these samples: region of the DNA (260 nm) and region of the AO (approximately 488 nm). 
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Figure 5. Kinetics of samples submitted to irradiation at 254 nm. (A–E) Spectra of the irradiated samples: MB, DNA + MB, AO, DNA + AO and DNA, respectively. (F) Kinetics of the three main regions found for these samples: region of the DNA (260 nm), region of the AO (approximately 488 nm), and region of the MB (approximately 664 nm). 
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Figure 6. Synchronous 2D correlation maps in the wavelength range of 190 to 600 nm of AO solutions with and without DNA. (A) Samples submitted to irradiation at 457 nm and (B) samples submitted to irradiation at 254 nm. Red and blue colors mean positive and negative correlation, respectively. 
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Figure 7. Synchronous 2D correlation maps in the wavelength range of 190 to 600 nm of MB solutions with and without DNA. (A) Samples submitted to irradiation at 640 nm and (B) samples submitted to irradiation at 254 nm. Red and blue colors mean positive and negative correlation, respectively. 
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Table 1. Comparison of the time constant obtained from the exponential fitting of the regions of interest for the samples irradiated at 640, 457, and 254 nm.
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Sample

	
Peak (nm)

	
τ (min)




	
Red Light (640 nm)

	
Blue Light (457 nm)

	
UVC (254 nm)






	
MB

	
664

	
639.4 ± 191.3

	
-

	
181.1 ± 87.3




	
AO

	
488

	
-

	
129.4 ± 14.8

	
179.2 ± 60.2




	
DNA + MB

	
667

	
1167.3 ± 258.3

	
-

	
-




	
DNA + AO

	
497

	
-

	
279.5 ± 43.9

	
328.9 ± 71.5
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