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Abstract

:

Antimicrobial photodynamic inactivation (aPDI) offers a promising alternative to combat drug-resistant bacteria. This study explores the potential of lapachol, a natural naphthoquinone derived from Tabebuia avellanedae, as a photosensitizer (PS) for aPDI. Lapachol’s photosensitizing properties were evaluated using Staphylococcus aureus and Escherichia coli strains under blue LED light (450 nm). UV-vis spectroscopy confirmed lapachol’s absorption peak at 482 nm, aligning with effective excitation wavelengths for phototherapy. Photoinactivation assays demonstrated significant bacterial growth inhibition, achieving complete eradication of S. aureus at 25 µg·mL−1 under light exposure. Scanning electron microscopy (SEM) revealed morphological damage in irradiated bacterial cells, confirming lapachol’s bactericidal effect. This research underscores lapachol’s potential as a novel photosensitizer in antimicrobial photodynamic therapy, addressing a critical need in combating antibiotic resistance.
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1. Introduction


Since the late 1920s, following the discovery of penicillin, antibiotics have been integral to surgery, transplants, and critical care [1]. However, their widespread use has led to the rise in drug-resistant strains, marking a return to the pre-antibiotic era [2]. The options for treating drug-resistant infections are extremely limited, often forcing the use of toxic drugs previously abandoned [3]. By 2050, it is estimated that antibiotic-resistant microorganisms could cause over 10 million deaths annually if no action is taken [4]. This scenario suggests that resistant bacteria may surpass cancer in causing deaths, with an estimated economic cost of USD 100 trillion [5].



Bacteria are usually classified by their shape (bacilli, cocci, or spiral) or their ability to retain Gram stains (Gram-positive or Gram-negative). This latter classification highlights differences in cellular structure. Gram-positive bacteria have a simpler structure, consisting only of a cell wall, whereas Gram-negative bacteria possess an additional outer membrane, providing extra protection and making them more challenging to treat [6].



Escherichia coli (E. coli), a Gram-negative bacterium, is a common cause of sepsis and hospital-acquired infections in humans and animals [7]. Staphylococcus aureus (S. aureus), a Gram-positive bacterium, is responsible for food poisoning, skin infections, and pneumonia [8]. Both bacteria have developed resistance to multiple antibiotics and are spreading rapidly due to poor sanitation and hygiene in communities and hospitals [7,8].



In response to this challenge, antimicrobial photodynamic inactivation (aPDI) has emerged as a promising alternative to combat bacterial infections. This technique combines a photosensitizer (PS), light, and molecular oxygen (O2). The PS absorbs light and transfers energy or charge to oxygen, transforming its stable triplet state (3O2) into reactive oxygen species (ROS) or singlet oxygen (1O2) through type I and type II mechanisms, respectively [9]. In type I, the PS transfers an electron to oxygen, producing free radicals and peroxides, while in type II, energy is transferred, transforming 3O2 into 1O2 [10].



The interest in aPDI increased when it was established that aPDI can be effective regardless of bacterial resistance [11]. Additionally, it is not expected that aPDI triggers bacterial resistance because of its multi-site mode of action [11]. Consequently, there is a growing search for new molecules and materials to act as antimicrobial photosensitizers (aPSs) [10]. Among them, natural-based aPSs have attracted interest. Derived from natural sources like plants, algae, or microorganisms, they are usually more compatible with the biological environment [12], presenting reduced toxicity and being well tolerated by the human body [12].



Chlorophyll is a natural photosensitizer (PS) found in green plants [13], while curcumin and natural quinones are also promising due to their ability to absorb light and generate ROS [14,15]. Quinones, with their redox properties, play key roles in plants, including defense, oxidative phosphorylation, and redox signaling [15,16,17,18].



Lapachol, a naphthoquinone, is commonly extracted from the pink Ipe tree (Tabebuia avellanedae), a species in the Bignoniaceae family and one of the most beautiful trees in the Brazilian flora. This molecule has various pharmacological activities, including antimicrobial, antifungal, molluscicidal, leishmanicidal, antibacterial, trypanocidal, antimalarial, anti-inflammatory, anticancer, antiulcer, contraceptive, and immunosuppressive effects [16,19,20,21,22].



Lapachol was first described by Paternò in 1882 with a chemical structure elucidated in 1896 by Hooker, who identified it as a naphthoquinone, specifically 2-hydroxy-3-(e-methyl-2-butenyl)-1,4-naphthoquinone [19]. The biological activities attributed to lapachol, along with some of its natural and synthetic derivatives, have increased the importance of this class of substances as promising candidates in the search for new drug development [23,24].



Studies have explored the antibacterial properties of lapachol, its derivatives, and other naphthoquinones, suggesting potential antimicrobial activity against bacteria strains [25,26,27]. Investigations on the minimal inhibitory concentration (MIC) for S. aureus reported high values, ranging from 128 to 256 µg.mL−1 (1–4). In contrast, the MIC for Escherichia coli demonstrated no toxicity, even at elevated concentrations and higher doses [22,25]. Despite its numerous bioactivities, there is a lack of studies exploring the use of lapachol in antimicrobial photodynamic inactivation. However, it is important to point out that that some studies have already explored the use of quinones in photodynamic therapy (PDT), primarily in the context of cancer treatment [27,28,29,30,31,32]. Naphthoquinones, such as lapachol and its derivatives, have been investigated in PDT, particularly in the 700 nm irradiation region [27]. However, there is a lack of research on the application of quinones and naphthoquinones in antimicrobial photodynamic inactivation (aPDI), a gap that will be addressed in the present work.




2. Results


2.1. Optical Characterization of Lapachol


Figure 1 presents a typical UV-vis absorption spectrum of lapachol in PBS at pH 7.0. Two prominent absorption bands exist, centered at around 280 and 480 nm, in the UV and visible range, respectively. This spectrum profile agrees with the observed electronic spectra of substituted naphthoquinones, in which a strong π → π* transition of the quinone ring is expected at around 277 nm and a low-intensity band, in the 400 to 500 nm, can be assigned to the n → π* transition of the quinone carbonyls [33,34].



Figure 2A presents the absorption spectra of lapachol when subjected to different pHs. Our results are in accordance with previous observations, in which a distinct color change occurs in an aqueous solution, transitioning from intense red under alkaline conditions to yellow when the pH drops below 5–6 [35]. Under acid conditions, lapachol precipitates as a yellow powder [35]. This is a consequence of the weak acid behavior of lapachol due to the presence of a hydroxyl group in its molecular structure. Our observation confirms not only the relation between the pH and different absorption bands but also indicates that, for more alkaline solutions, the band at 482 nm is far more expressive compared to the more acid ones. In fact, the peak centered at 482 nm disappears around pH 5, coinciding with the initiation of precipitation.



As previously discussed by Segoloni and Di Maria [35], the electronic pair, previously engaged in the hydrogen bond within the associated form, contributes to enhancing the –O− auxochrome action in relation to the adjacent chromophore group C=O in alkaline conditions. This interaction leads to an increase in absorbance at higher wavelengths, particularly around 482 nm, as the lone pair engages with the quinoid ring. The likelihood is that intermolecular interactions between the lone pairs of hydroxyl anions in the solution and chromophore groups C=O also play a significant role. This is supported by the observation that compounds like lapachol, such as naphthoquinones lacking hydroxyl groups, yield reddish alkaline solutions, suggesting a distinct influence of intermolecular interactions in such systems [35].



The outcomes demonstrate that lapachol, when in an alkaline solution, presents a wide absorption band in the visible region (from 400 to 600 nm), one of the desirable characteristics for a potential photosensitizer in photodynamic therapy. Additionally, its solubility in water is notably influenced by pH, ranging from 2.5 µg·mL−1 at pH 4 to 5 mg·mL−1 at pH 10.0 [35]. It readily dissolves in alkaline aqueous solutions, diethyl ether, acetone, dichloromethane, and petroleum ether; it is also highly soluble in methanol, ethanol, chloroform, and benzene [35].




2.2. Production of Reactive Oxygen Species (ROS)


Figure 3A displays the fluorescence spectra of a mixed solution of lapachol and DHE when kept in the dark and when exposed to blue light irradiation. The results indicate that no fluorescence is detected when the sample is kept in the dark, as shown in Figure 3B. In contrast, during illumination, an increase in fluorescence signal over time is observed, which is attributed to the generation of reactive oxygen species (ROS). This occurs because dihydroethidium (DHE), a non-fluorescent molecule, produces a fluorescent product (ethidium) upon interacting with various ROS species, such as hydrogen peroxide (H2O2), superoxide (O2−), hypochlorous acid (HOCl), and peroxynitrite (ONOO−) [36]. These data confirm that lapachol are capable of generating ROS under blue light illumination.




2.3. Photoinactivation Assay


Figure 4 shows representative images of S. aureus colonies (strains ATCC and mcr-1) subjected to lapachol at 0.0, 6.5, 12.5, and 25.0 µg·mL−1 when kept in the dark (non-irradiated) and illuminated by blue light (450 nm) at an energy dose of 100 J·cm−2 for 60 min. Lapachol can effectively inactivate S. aureus using concentrations over 12.5 µg·mL−1. The data also revealed that lapachol alone could not inhibit the development of the non-irradiated colonies.



Initially, the E. coli strain was also subjected to the same energy dose (100 J cm−2). However, no inhibition of bacterial growth was observed. Consequently, lapachol is less efficient as a PS against E. coli when compared with S. aureus. Figure 5 reveals that even when using a higher light dose than that applied against S. aureus, a maximum of two-log reduction was observed for a combination of lapachol at 25.0 µg·mL−1 under a blue light illumination at 28 mW·cm−2 for 90 min, totaling 150 J·cm−2.



It is known that, in general, Gram-negative bacteria have more protection structures against PS internalization and the ROS generated in photodynamic inactivation when contrasted with Gram-positive bacteria. It is usually caused by the presence of a highly organized outer membrane in the cell wall of Gram-negative bacteria [37,38].



Some studies have overcome this problem by choosing a longer incubation period and adding a permeabilization agent to provide a more efficient photoinactivation [39]. In the present study, DMSO at a 0.1% (v.v−1) concentration was present in both E. coli and S. aureus assay and acted as a permeabilization agent. However, the initial goal was to use DMSO as a solvent for lapachol, since it does not naturally solubilize in an aqueous medium.



It is important to highlight that lapachol proved to be non-toxic in the non-irradiated group for both E. coli and S. aureus assays in the tested concentrations, emphasizing that lapachol is a photo-activated agent for the photodynamic inactivation process.



SEM was used to analyze morphological changes in bacteria after being subjected to aPDI. The concentration of lapachol used was 25 µg·mL−1, for both groups.



The bacterial cells presented a smooth and intact surface, without morphological changes or apparent cell lysis when subjected to the negative control groups, as shown in Figure 6A,B. The data showed the S. aureus in the shape of cocci gathered in clusters, with a diameter of approximately 1 μm, and E. coli in the form of rods, with a diameter close to 0.5 and 3 μm in length, both presenting normal morphology. For the bacteria subjected to the lapachol without irradiation, the findings revealed no membrane damage, as presented in Figure 6C,D.



In contrast, the photodynamic inactivation process led to significant changes, resulting in bacterial lysis due to partial or complete damage to the bacterial cell wall of S. aureus and E. coli when exposed to a light dose of 100 and 150 J·cm−2, respectively (Figure 6E,F).





3. Discussion


Lapachol, a naphthoquinone extracted from the pink Ipe tree, has demonstrated a range of bioactivities, including antimicrobial and anticancer effects. In general, quinone metabolites perform various essential functions in plants, such as defense pathogen, involvement in oxidative phosphorylation, and contributions to redox signaling [15,16]. Quinones found in plants can be classified into benzoquinones, naphthoquinones, anthraquinones, and phananthraquinones, depending on the type of aromatic system [15,16,17]. The defining characteristic of quinones is their redox property, driven by the forming of aromatic systems. Thus, these compounds can participate in multiple biological oxidative processes due to their structural properties [18]. The antitumor mechanism of these compounds, for example, is based on a redox cycle that generates ROS [17].



Natural-based quinones have been pointed out as promising aPSs due to their capacity to generate ROS [15]. Quinone-based PSs have proven helpful in photodynamic therapy (PDT) for treating cancer [22]. These compounds can generate ROS and efficiently produce 1O2, making them effective agents for targeting and destroying cancer cells. To illustrate, Guo et al. developed customized photosensitizers by combining 9,10-phenanthrenequinone (PQ) with electron-donating triphenylamine derivatives. This unique combination showed exceptional type I ROS generation and efficient photothermal conversion capabilities [28]. Quinoxalinone CN (QCN), another quinoxalinone-based photosensitizer, produces 1O2 under 530 nm irradiation. Additionally, QCN exhibited aggregation-induced near-infrared (NIR), making it a promising candidate for image-guided PDT [33].



Jadhao et al. investigated the interaction of aluminum phthalocyanine tetrasulphonate (AlPcS4), a quinone-based photosensitizer, with DNA alkylating quinone in biomimicking micellar microenvironments for PDT applications [30].



Lapachol can be strategically modified to create fluorescent compounds with unique properties. Rodrigues et al. synthesized a novel trans-A2B-corrole derivative from lapachol [31]. Its characterization revealed remarkable fluorescence and optical absorption characteristics. Photobiological assays confirmed the compound’s photostability, singlet oxygen production, and effective ROS generation, suggesting suitability for PDT [31].



Campanholi et al. evaluated the efficacy of pheophorbide and zinc-pheophorbide photosensitizers combined with lapachol and β-lapachone drugs in biocompatible nanocarriers Pluronic P123 and F127. Spectrophotometric analysis revealed monomerization of the photosensitizer within the formulation. Lapachol encapsulated in copolymeric micelles showed slight pKa variations. β-lapachone systems exhibited reduced fluorescence and singlet oxygen quantum yields. A five-fold increase in singlet oxygen lifetime indicated enhanced stability in the nanostructured microenvironment. Combined systems demonstrated thermal stability, even in a lyophilized state, maintaining a monomeric photosensitizer state, with most showing temporal stability beyond 96 h. However, limitations included changes in carrier system properties during freezing, drugs unrecoverable after lyophilization, and potential degradation processes of photosensitizers. The lapachol and β-lapachone formulation stabilized photosensitizers, inducing increased micellar segment hydration, reducing quantum yields, and enhancing temporal stability. Marked thermal reversibility and a high singlet oxygen lifetime in the micellar microenvironment suggested suitability for practical photodynamic therapy (PDT) applications, potentially complementing clinical treatments and expanding application possibilities [32].



However, some studies have already explored the use of quinones in PDT, primarily in the context of cancer treatment. The present study demonstrates the promising potential of lapachol to be used in aPDI. The optical characterization of lapachol reveals its pH-dependent behavior, with UV-vis absorption spectra showing notable absorption bands at 280 nm and 480 nm. These bands correspond to the π → π* transition and n → π* transition of the quinone ring, respectively. The absorption spectrum changes with pH, with a red color observed in alkaline conditions and a yellow precipitate forming in acidic conditions. This indicates that the peak at 482 nm intensifies in alkaline solutions but disappears as the pH decreases below 5. The ability of lapachol to absorb in the visible region (400–600 nm) and its solubility at different pH levels make it a promising candidate for use as a photosensitizer in photodynamic therapy. In fact, the efficacy of lapachol as a PS was demonstrated through its ability to generate reactive oxygen species (ROS) under blue light illumination, which was confirmed by the photoinactivation assays. Lapachol effectively inactivates S. aureus at concentrations over 12.5 µg/mL when exposed to light, while it had no significant effect on bacterial growth in non-irradiated conditions. However, lapachol was less effective against E. coli, even under higher energy doses, which may be due to the structural differences in the cell walls of Gram-negative bacteria, providing more protection.




4. Materials and Methods


4.1. Photosensitizer


The lapachol standards purity grade was ≥98%, 2-Hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone (Sigma-Aldrich, St. Louis, MO, USA) CAS: 84-79-7.



Lapachol was diluted in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) at 2.5 mg.mL−1 to obtain a stock solution. Then, the tested solutions of lapachol were prepared in phosphate-buffered saline (PBS, Sigma-Aldrich, St. Louis, MO, USA) at different concentrations.




4.2. UV-Vis Absorption


UV-vis spectrophotometry was performed in the 200–700 nm range in a PerkinElmer (Waltham, MA, USA), model Lambda 265, device. UV-vis absorption spectra of lapachol in PBS solution were collected at room temperature.



Buffer solutions were prepared in pH levels of 3, 5, 7, 11, and 13 to perform UV-vis spectrophotometry of lapachol (originally in an alkaline mixture) dissolutions in different pH levels. The base buffer mixture was obtained by solubilizing 1.2 g of sodium citrate dihydrate (Sigma-Aldrich, St. Louis, MO, USA) and 1.1 g of citric acid (Sigma-Aldrich, St. Louis, MO, USA) in 1 L of distilled water. After the solubilization, sodium hydroxide was utilized to increase the pH to the desired values.




4.3. Determination of Reactive Oxygen Species Production


The determination of reactive oxygen species (ROS) was carried out as described by Caires et al. with adaptations [36]. A total of 140 µL of DHE at 5 mM was added into 2.0 mL of an aqueous solution of lapachol at 25 µg·mL−1. Initially, the sample was kept in the dark during 10 min and then exposed to blue light (450 nm) at 28.82 mW·cm−2 for 30 min. The fluorescence spectra were collected in the 520–750 nm range, every 1 min, by exciting at 500 nm with the aid of a spectrofluorometer (FluoroMate FS-2, Sinco, Seoul, Republic of Korea).




4.4. Photoinactivation Assay


The aPDI assays were tested against Staphylococcus aureus strain ATCC 25923 and Escherichia coli strain ATCC 25922. The strains were stored at 2 °C in Müller Hinton Broth (Sigma-Aldrich, St. Louis, MO, USA) enriched with glycerol in 20%. To prepare the bacterial suspensions, 40 µL of each bacterial strain was inoculated into 2 mL of BHI medium (brain heart infusion) and incubated at 37 °C for 24 h. Subsequently, the bacterial concentration was adjusted to reach 0.5 on the McFarland scale by adding phosphate-buffered saline (PBS) until it reached an absorbance of around 0.14 at 625 nm with the aid of an Agilent BioTek Synergy H1 Multimode Reader (Santa Clara, CA, USA).



The lapachol concentrations were obtained by diluting the stock solution in 2 mL of saline solution containing the bacterial inoculum and a permeabilization agent, dimethyl sulfoxide (DMSO) at a concentration of 0.1% (v·v−1). The tested concentrations of lapachol ranged from 0.0 (negative control) to 25 µg·mL−1. Following the addition of the lapachol, the samples underwent agitation at 120 rpm for 60 (or 90) min in a shaker (Marconi, Piracicaba, Brazil) before irradiation. Then, the samples were divided into two distinct groups; one was subjected to light (called the irradiated group), while the other group was kept in darkness (the non-irradiated group). The irradiated group was exposed to blue light irradiation (450 nm), using light-emitting diodes (LEDs), at 28 mW·cm−2 for 60 or 90 min, depending on the bacterial strain.



Finally, both groups (irradiated and non-irradiated) had 200 µL of each sample concentration dispensed into a 96-well microplate. Subsequently, a serial dilution was executed until reaching a 1:32 ratio. The total bacterial count was determined using the spread plate method in a plate count agar (PCA) medium. Colony-forming units (CFU) were counted after 18 h of incubation at 37 °C. All measurements were performed in duplicate and repeated three times to determine the CFU mean values (±SD). Quantitative and statistical analyses were performed using Origin 8.5, considering the repetitions and treatments. This analysis encompassed CFU values obtained for the 4 concentrations of photosensitizer, the irradiated and dark control groups, and the two strains of bacteria (E. coli and S. aureus).




4.5. Scanning Electron Microscopy (SEM)


Before sample preparation, an aPDI bioassay was conducted, following the procedure outlined in Section 2.3, to photoinactivation E. coli and S. aureus strains. The experiment was divided into two groups: one subjected to irradiation and another kept in the dark. Two samples were prepared for each group—one as a negative control (without lapachol) and another containing lapachol at 25 µg·mL−1.



The process began with the distribution of 200 µL of irradiated and dark-kept samples into Eppendorf tubes, followed by adding of 1 mL of 2.5% glutaraldehyde PBS solution. After the 3 h period, the samples were centrifuged at 1000 rpm for 5 min. Subsequently, 1 mL was removed, and 1 mL of PBS was added; this procedure was repeated thrice.



For dehydration, ethanol solutions at 25%, 50%, 70%, 80%, 90%, and 100% were used. The process involved removing 1 mL of PBS and adding 1 mL of ethanol concentration, starting with 25%. After each step, the samples were centrifuged for 5 min at 1000 rpm. This procedure was repeated for all ethanol concentrations until it reached 100%.



Upon completion of the process, 10 µL of the samples was added to silicon surfaces and left to dry and fixed at room temperature for 24 h. Finally, scanning electron microscopy (SEM) images were collected using an SEM microscope (JEOL, model JSM-6380LV, Akishima, Japan) with an accelerating voltage of 15 kV.





5. Conclusions


In conclusion, this study highlights the significant potential of lapachol as a potential photosensitizer for aPDI against Gram-positive and Gram-negative bacteria. Nevertheless, although lapachol reduced bacterial growth for both bacteria, it demonstrated lower efficacy in the E. coli strain (Gram-negative strain) compared to S. aureus (Gram-positive strain). While no bacterial growth was observed when S. aureus was exposed to lapachol at 25.0 µg·mL−1 under blue light irradiation of 100 J·cm−2, only a two-log reduction was achieved for E. coli even when applying a higher blue light dose (150 J·cm2) with lapachol at the same concentration (25.0 µg·mL−1). Additionally, our SEM data confirmed that aPDI action promoted by lapachol significantly damaged the bacterial cell wall, lysing the bacterial cells. Overall, this study provides fundamental insight into the potential use of lapachol as a natural-based photosensitizer in antimicrobial photodynamic therapy, addressing an urgent need for natural-based therapeutic materials in modern medicine.
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Figure 1. UV-vis absorption spectrum of lapachol at 25 µg·mL−1 in PBS solution at pH 7. 






Figure 1. UV-vis absorption spectrum of lapachol at 25 µg·mL−1 in PBS solution at pH 7.



[image: Molecules 29 05184 g001]







[image: Molecules 29 05184 g002] 





Figure 2. (A) UV-vis absorption spectra of lapachol at 20 µg·mL−1 for different pHs, (B) lapachol absorbance at 482 nm and (C) images of lapachol with different pHs. 
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Figure 3. (A) Fluorescence spectra of DHE in the presence of lapachol and (B) fluorescence intensity at 612 nm as function of illumination time. 
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Figure 4. (A) CFU mean values (±SD) of S. aureus with lapachol for non-irradiated and irradiated under 450 nm and 28 mW cm−2 for 60 min. (B) Growth of S. aureus colonies in Petri dishes containing negative control 6.25, 12.5, and 25.0 µg/mL of lapachol. The bacterial suspension was illuminated at 450 nm with an energy dose of 0 (non-irradiated) and 100 J cm−2 (irradiated). * Indicates no colony growth under irradiation in this concentration. 
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Figure 5. (A) CFU mean values (±SD) of E. coli with lapachol for non-irradiated and irradiated under 450 nm and 28 mW·cm−2 for 90 min. (B) Growth of E. coli colonies in Petri dishes containing negative control 6.25, 12.5, and 25.0 µg·mL−1 of lapachol. The bacterial suspension was non-irradiated and irradiated at 450 nm with an energy dose of 150 J·cm−2. 
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Figure 6. Representative SEM images of S. aureus and E. coli, respectively, subjected to the (A,B) negative control, lapachol at 25 µg·mL−1 kept in the dark; (C,D) non-irradiated group; and irradiated (E,F) with a blue light (450 nm) at 28 mW cm−2 during 60 min for S. aureus and 90 min for E. coli. Red arrows indicate partial or complete damage to the cell wall. All scale bars represent a length of 1 µm. 
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