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Abstract:

Multidrug-resistant bacteria are the most vindictive microorganisms that can cause different disease manifestations, even leading to death. Despite many treatment strategies being present for combating multi drug resistance (MDR), the extensive proliferation of these bacteria is causing serious health threats for humans. Photodynamic therapy (PDT) is a treatment method in which a photosensitizer (PS) is excited to produce localized reactive oxygen species (ROS) after irradiation with light of a particular wavelength. This is nowadays used for the treatment of cancer as well as MDR killing. In this work, the PS, Rhodamine 6 G (R6G), was encapsulated in polycaprolactone (PCL) and polyvinylamine (PVA) matrix, and its characterization was done using different photophysical tools like DLS, zeta potential, FTIR, and scanning electron microscopy imaging. Further, the quantum yield of the engineered PS was calculated using the iodide method, and the quantum yield was estimated. Finally, the PS-induced killing of bacteria, E. coli, was assessed using PDT. The results indicated that the PS was successfully encapsulated in the PCL-PVA matrix, and the quantum yield was significantly enhanced. The encapsulated PS could also effectively inhibit the growth of E. coli and with 4 h irradiation time, a 75% bacterial cell killing was observed. The capacity of the encapsulated photosensitizer to produce ROS with high quantum yield has been demonstrated extensively. In the future, this novel photosensitizer may be used to kill MDR.
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Introduction

Innumerable bacterial strains have turned antibiotic-resistant, i.e., the ability to put up with many antibiotics and chemotherapeutic drugs. This is termed as multi drug resistance (MDR) (1). In recent years, MDR cases have widely increased due to the repeated usage of antimicrobial drugs. This caused the evolution of drug insensitivity among the microorganisms. Several bacterial species are insensitive to many medications commonly prescribed. Therefore, researchers are concentrating on alternative treatment protocols. Photodynamic therapy (PDT) is a promising technique in this category, where light-sensitive fluorophores play a major role in inactivating MDR microorganisms (2). PDT is a kind of treatment modality in which reactive oxygen species (ROS) are locally generated by means of a photosensitizer (PS), appropriate wavelength of light, and oxygen presence. It is an assuring approach to treat MDR illness (3). At present, many researchers are engaged in PDT technology. PDT aids in cellular toxicity selectively by photo-illuminating the especially localized PSs (4). To become an efficient PS, the quantum yield should be maximum to generate the maximum singlet oxygen necessary for PDT (5). Previous research studies reported a significant quantum yield decrease with increasing PS concentrations tested in multiple types of PSs. The reason behind this decline was explained as self-quenching effects and aggregation of the dyes that hindered the energy transfer efficiency from the PS’s excited triplet state to the molecular oxygen. These results indicated that optimum dye concentration and circumventing dye aggregation can ensure optimum efficacy of the PS in PDT (6, 7).

A capable alternative antimicrobial approach is PDT to battle against MDR bacterial contaminations (8, 9). Distinct from antibiotics, PDT is based on the principle of physical and chemical mechanisms that inhibit the development of resistance, cause the biofilm to break down, and work synergistically with antibiotics. This therapeutic modality can become a powerful means to fight against the superbugs. A photodynamic effect has been found to enhance innate immunity and eliminate bacteria by adoptively transferring macrophages loaded with near-infrared PSs (Lyso700D) (9). For the effectiveness of this therapy, future research is needed, and clinical trials can improve its medical application. PDT is effective against Gram-positive and Gram-negative bacteria and has been successfully used to treat MDR bacterial infections in diabetic ulcers (10) and chronic wounds (11) along with gentamicin, and burns (12, 13). PDT, in combination with photothermal therapy (PTT), has shown synergistic effects against these bacteria (14). PDT can reduce bacterial load, promote tissue healing, and can be applied in lung infection treatment caused by MDR Pseudomonas aeruginosa and Klebsiella pneumoniae, which are very common in ventilator-associated pneumonia (15, 16). MDR bacteria-induced dental plaque and periodontitis can be managed with PDT, circumventing inflammation and leading to oral health improvement (17). MDR E. coli and other resistant pathogens related to urinary tract infections can be managed by employing PDT, plummeting the need for high-dose antibiotics (18).

Nanotechnology has been employed in biomedical science with promising applications for a range of diseases (19, 20). PDT can be used for targeted delivery, and its efficiency can be improved by amalgamating nanotechnology with PDT (21). The solubility of PS can be enhanced by conjugating inorganic or organic nanomaterials, which helps in increased accumulation near the target location (22). The chief conjugation strategy for the nanomaterials is encapsulation. Several nanocarriers can be used for PS encapsulation, such as polymeric micelles, liposomes, and polymeric nanoparticles (23). Polycaprolactone (PCL) belongs to a semi-crystalline, aliphatic polyester material type with a melting point of 60°C. PCL is being used for medical applications due to its biocompatibility, biodegradability, low glass transition temperature, and non-hazardous stability (24). Owing to its excellent chemical, biological, and physical properties, PCL is considered to have great encapsulation potential that can be explored in therapeutics to facilitate the controlled release of the drug molecule (25). PCL is being used in tissue engineering due to its slower degradation rate (26). The aspiration of this study involves the quantification of ROS generation efficiency of PS encapsulated with the PCL-nanoparticle (PCL-NPs). The PS used in this study is Rhodamine 6G (R6G), an antimicrobial PS. R6G was encapsulated within PCL-NPs using polyvinylamine (PVA) as an emulsifying agent. The study compares the quantum yield efficiency of the PS (R6G) and PCL-NPs encapsulated PS (R6G-PCL-NPs).



Materials and methods


Materials

Ammonium molybdate ((NH4)6Mo7O24), disodium hydrogen phosphate (Na2HPO4), ethyl acetate (C4H8O2), potassium iodide (KI), pyridine (C5H5N), Luria–Bertani (LB) broth were purchased from Sisco Research Laboratories Pvt. Ltd., PVA was obtained from Loba Chemie, India. PCL was obtained from Sigma Aldrich. Potassium dihydrogen phosphate (KH2PO4) was received from HiMedia, India.



Preparation of PCL nanoparticles

The PCL-NPs were prepared according to Ta et al. (27) with slight modifications. 100 mg of PCL was weighed in a test tube wrapped in aluminum foil, 1 ml of ethyl acetate was added to it, and the mouth was enclosed with parafilm. High-speed vortexing for approximately 10 min was needed to dissolve the polymer fully. 0.3% PVA was dissolved in 47 ml water using a hot plate, and the fully dissolved PVA solution was stirred vigorously at 360 rpm for a further 10 min. 2 ml PVA solution was taken in the test tube, and PCL solution was added dropwise carefully. The solution was vortexed well for the emulsion to be formed for a further 30 min. The emulsified polymer was sonicated for three 10 s burst sonications (40% amplitude for a 700 W sonicator, 1/8 in probe tip size), keeping the test tube immersed in ice-cold water. 1–2 ml from the stirring PVA solution was added to the emulsified polymer. This step enables the emulsion to be diluted so that it can be easily poured into the stirring PVA solution. After merging both the solutions, the sides were wrapped with aluminum foil, leaving the top open. Solidification of the particles was enabled by 3 h stirring. After stirring, the solution was subjected to centrifugation for about 15 min at 14,000 rpm. The pellet was collected, diluted with 5 ml of distilled water, and stored at room temperature (28). Figure 1 shows the scheme of preparation of the PCL-NPs.
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FIGURE 1. Synthesis of PCL-NPs using single emulsion method.




Nanoparticles collection and characterization

After stirring, we split the polymer solution into two oak ridge centrifuge tubes. We centrifuge the polymer solution in a fixed angle rotor at 17000 rpm for 15 min. The supernatant was discarded, and 5 ml of distilled water was added to the pellet for further analysis. The characterizations of the synthesized nanoparticles were done using a particle size analyzer (Malvern zetasizer) and a UV-visible spectrophotometer (Shimadzu UV 1800). The characteristic bands of the synthesized R6G-PCL-NPs and PCL were recorded in transmittance mode using an FTIR (19). A KBr pellet was made, and the measurement was performed using a Bruker Alpha FTIR instrument. Surface morphological observation and knowledge about the nanosize of the synthesized R6G-PCL-NPs were done using scanning electron microscopy (SEM) (20). A thin layer of the R6G-PCL-NPs was drop cast on a grease-free clean glass coverslip and subjected to air drying in a closed container to avoid dust deposition. The R6G-PCL-NPs, layered onto the glass coverslip, were covered with a thin gold layer to enhance their conductivity prior to SEM imaging. 25 kV voltage was applied to get the SEM image using JSM-IT800 Nano SEM.



Encapsulation of R6G in PCL-NPs

The 5 μl of 0.9 mM R6G was added to 3 ml of PCL-NPs and kept in an ultrasonic bath sonicator for 15 min. After 15 min, the dye was encapsulated in the nanoparticle. The encapsulation efficiency (EE) was confirmed by centrifugation method (29). Initially, the OD of the encapsulated dye was measured at 529 nm using a Shimadzu UV1800 spectrophotometer. Further, the dye-encapsulated particle was centrifuged at 10,000 rpm using REMI RM-03 Plus microcentrifuge for 15 min. The supernatant was slowly aspirated from the tube, and the absorbance of the supernatant was taken at 529 nm. The EE was calculated using the following formula according to Pragya et al. (3).
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Where (OD) initial is the absorbance of the initial amount of drug; (OD) supernatant is the absorbance of the supernatant.



Quantification of ROS generation using the iodide method

Whenever a sensitizer is excited with light 1O2 is generated that can react with the iodide ions (I−) if a catalyst, usually, (NH4)2MoO4 is present (3). The outcome of the reaction yields [image: image], whose production amount is directly proportional to the amount of 1O2 produced (2, 30), which can be further measured using a spectrophotometer (Shimadzu UV-1800). The absorbance was recorded at 351 nm, keeping the OD values less than 0.1. The PS was solubilized in a reagent containing iodide and catalyst (potassium iodide (KI) 0.12 M, catalyst (NH4)2MoO4 (10 mM) dissolved in Na-K phosphate buffer (0.05 M; pH = 6.2). The calculation of the quantum yield of I− (Fox) oxidation was done using the following equation that is adopted from the photooxidation theory:

[image: image]

Where, Rox and Ia are the oxidation rate of I− and the absorbed light intensity of the irradiated solution, respectively, kr represents the chemical reaction rate constant of the I− with 1O2, kq abbreviates the overall bimolecular rate constant for quenching of 1O2 by I−, kd denotes the quenching rate constant of 1O2by the solvent, FD represents the quantum yield of 1O2, P denotes the fraction of 1O2chemically reacting with I−.

In the presence of an incessant output of light source and a given absorbance capacity of PS at its excitation wavelength (λmax = 529 nm), the OD change of the triiodide band ([image: image])) with respect to time is directly proportionate to the oxidation rate of I−(Rox). Considering the PS absorbance as A, and according to the Lambert-Beer law, the 1−10−A expression is proportionated in a direct manner to the PS’s part of the radiation absorbed. When a graph is plotted between [image: image] absorbance at 352 nm with time, a straight line is observed, and the slope of that line is B. B is proportional to the product ([image: image]) formation or oxidation rate of I−. A slope is obtained when B’s dependence on 1−10−A expression is plotted, which is represented as k, is eventually directly proportionate to the Fox (relative quantum yield of the oxidation) and therefore also to the FD. In this manner, the singlet oxygen quantum yield (SOQY) for R6G was estimated in the nanoformulation of R6G.



Experimental setup

Figure 2 represents the apparatus set up for the generation of ROS. The source of light used here was a xenon arc lamp, which works by the power source. It generates light of wavelength approximately around the 185–2000 nm range. The photodynamic light experiments require only 400–700 nm of light (i.e., the visible range). Thus, light should be filtered for that required range with the help of a UV+IR filter that consists of 1 cm of pyridine and 10 cm of potassium iodide solution. The light from the filter passes through the 1 cm glass cuvette in which the sample is placed. The sample comprises PS, which, on irradiation with light, generates the ROS.
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FIGURE 2. The working setup of photodynamic light experiments.




Antimicrobial assay using engineered PS and E. coli

The bacterial growth inhibition was tested in E. coli. The bacteria were grown overnight in LB broth at 37°C in a shaker incubator in two sets. In both sets, the engineered PS (R6G-PCL-NPs) was added at a concentration of 300 nM, and in one set, the light exposure was given for four hours. Every 30 min, we aspirated the sample and measured the absorbance at 600 nm to monitor the effect of exposure to bacterial killing. The absorbance was measured for the other set under identical conditions, without light exposure, against only LB as a blank. The amount of bacterial growth is directly proportional to the OD at 600 nm (31).



Statistical analysis

Student’s t-test was used to evaluate the level of significance. p < 0.01 was considered significant.




Results and discussion


Absorption spectra of R6G

The plot of OD versus wavelength (absorption spectra) of R6G showed that λmax was at 529 nm with a small shoulder at 480 nm in water. The absorbance of R6G dissolved in water with variable concentration was plotted in Figure 3a. The OD was maintained at less than 0.1.
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FIGURE 3. (a) Absorption spectra of R6G in water with varying concentrations. (b) DLS image showing the hydrodynamic diameter of the prepared PCL-NPs. (c) The FTIR spectra of PCL and R6G-PCL-NPs. (d) The SEM image of R6G-PCL-NPs.




Characterization of PCL-NPs

PCL-NPs were prepared by the single emulsion method. Dynamic light scattering was used to record the hydrodynamic diameter and polydispersity index (PdI) of PCL-NPs. The PCL-NPs showed a PdI of 0.255, and the hydrodynamic diameter was 130 nm (Figure 3b). The mono-dispersity of the nanoparticles was noted due to a low polydispersity index (PdI). If the sample is not properly prepared for DLS or the measurement is not well-optimized, a size can still be reported. However, various artifacts may distort the data, resulting in uncertainty in the measured size. Among the two scattering peaks, the major peak was at 130 nm, which was attributed for the particle’s hydrodynamic diameter (32, 33). The result was supported by the SEM data (Figure 3c), where the size of the particles was 110 nm. To identify the surface potential of the prepared particle, the zeta potential of the prepared PCL-NPs was measured, and it was found to be −24.2 mV, which ensures a high stability of the nanoparticles in water. The FTIR spectrum of PCL, which is partially crystalline, showed absorption bands corresponding to typical linear aliphatic polyester (Figure 3d). Double bands between 2800 and 3000 cm–1 represent the stretching of C—H bonds in the methylene groups, while a single peak at 1720–1730 cm–1 represents the presence of the carbonyl group. Additional peaks between 700 and 1600 cm–1 indicate the properties of the polymer’s skeleton, including wagging, bending, and stretching of the constituent methylene groups, as well as isomerization of the ester groups (34, 35). On the other hand, the R6G-PCL-NPs exhibited a shift in the band of each wavenumber, indicating the PCL-NPs formulation. When a drug molecule is entrapped inside a polymeric structure, the different bonds are stretched or bent to accommodate the drug inside. In such a case, a few peaks may shift to a higher wavenumber and some towards a lower wavenumber. Since the property of the material is the same, all the peaks will be present corresponding to that of the encapsulating nanoparticle (36, 37). The SEM images display the surface morphology of the R6G-PCL-NPs. The shape is spherical and resembles a uniform distribution throughout the surface. The SEM image typically shows an egg box-like structure, as expected in polymeric nanoparticles. The diameter of the R6G-PCL-NPs, as revealed by SEM analysis, was 110 nm. Similar nanometer-sized PCL-NPs have been reported by earlier researchers (38).



Efficiency of ROS generation

The reactive O2 generation was estimated using the iodide method. Aqueous R6G in the iodide reagent and R6G-PCL-NPs in the iodide reagent were used to compute the ROS quantum yield. The EE was found to be 62%, and the concentration of R6G was 300 nM. Light exposure was given to the samples in the presence of potassium iodide and ammonium molybdate. The O2 generated by the light, in the presence of the catalyst ((NH4)6Mo7O24) can react with I– for I3 generation. I3 generation is dependent on the irradiation time at different PS concentrations, which was measured spectrophotometrically at 351 nm. The optical density of R6G at 529 nm (the wavelength for excitation (λex) of R6G) was selected randomly, keeping the absorbance value less than 0.1. The band for triiodide depended on the time of irradiation for the solution with flexible R6G concentration in the iodide reagent (Figure 4). We have fitted the experimental points in a straight-line fitting for each iodide reagent concentration in R6G. For each straight line, eventually, the slope B and the correlation coefficient, including the standard deviation, were estimated for individual straight lines. All the B values were calculated with the correlation coefficient corresponding to linear regression. As the B value was related to the triiodide formation, we plotted the B values against 1 − 10–A. Linear regression was used to fit the data points to a straight line. The resulting linear relationship that gave a straight line passing through the origin indicated no shielding effect existed or no complex photooxidation mechanism was present. The slope of the plot (k) was taken to calculate the quantum yield of R6G in water by associating it with the standard values for H2TPPS4 (k = 730 × 10–5 s–1 and Φ = 0.62). Consequently, the SOQY of R6G in water was found to be 0.39. (Figure 5).
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FIGURE 4. The absorbance of the triiodide band was dependent on the irradiation time as shown in (a) 3 μM, (b) 6 μM, (c) 9 μM, (d) 12 μM, and (e) 15 μM of R6G.
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FIGURE 5. (a) The dependence of the absorbance of the triiodide band for variable concentrations of R6G on irradiation time. (b) Association between the slope B and the fraction of light (1 – 10–A) absorbed by R6G for different concentrations of the iodide reagent. The quantum yield (Φ) was found by the iodide method to be 0.39.




Quantification of ROS generation for R6G-PCL-NPs

Similar experiments were carried out after encapsulating R6G in PCL-NPs (R6G-PCL-NPs), and an estimation of the SOQY was made (Figure 6). The SOQY is 0.85 for R6G-PCL-NPs. This value was found to be higher compared to aqueous R6G, which indicated that this encapsulated R6G had a higher capacity to generate singlet oxygen. It is known that high photoactivity is seen in the case of monomeric dyes, and the production of singlet oxygen of a PS is heavily influenced by dye aggregation (5). The high SOQY of R6G-PCL-NPs confirms the monomerization of R6G in nanoformulation.
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FIGURE 6. (a) Relationship between the absorbance of the triiodide band with variable concentrations of R6G-PCL-NPs on irradiation time. (b) Association between slope B and the light fraction (1 – 10–A) absorbed by R6G-PCL-NPs for different iodide reagent concentrations. The quantum yield (Φ) was found by the iodide method to be 0.85.




Antibacterial activity exhibited by R6G-PCL-NPs through PDT

The antibacterial effect of the designed PS post-exposure to light was demonstrated in Gram-negative bacteria E. coli. Figure 7 shows the growth inhibition of the bacteria. The PDT setup is shown in Figure 7a, which clearly shows that the light source is monochromous. Figure 7b and c shows the growth of bacteria before and after exposure to light. In tube 1, only LB is present; in tube 2, bacteria with R6G-PCL-NPs are present; and in tube 3, bacteria with R6G-PCL-NPs are present, which was subsequently exposed to light. Visible clearance of bacteria is observed in tube 3 of Figure 7c, which is also supported by the quantitative evidence depicted in Figure 7d. In Figure 7d, there was a significant difference in bacterial OD after 90 min of exposure up to 240 min between the irradiated sample compared to the non-irradiated one. This drastic decrease in bacterial absorbance at 600 nm indicated that the PS was having a considerable bactericidal effect. After 4 h of irradiation in the presence of the encapsulated PS, the killing rate was 75%.
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FIGURE 7. The bactericidal activity for the R6G-PCL-NPs was measured using PDT. (a) The PDT set up using the laser light (b) The tubes containing only LB (1), E. coli in LB plus PS (2 and 3) before irradiation. (c) The tubes containing LB (1), E. coli in LB plus PS (2), and E. coli in LB plus PS after 2 h irradiation (3). (d) The absorbance at 600 nm at different time intervals for unirradiated bacteria (black) and irradiated bacteria (red) (* represents a significant difference at p < 0.01).


The results of this experiment with bacteria demonstrated that the PS alone does not kill the bacteria, but in the presence of light, it can kill them. Similar studies have been reported for killing bacteria (39) as well as cancer cells (3) by other investigators.

Infections caused by multidrug-resistant bacteria (MDR bacteria) are difficult to treat because they are resistant to multiple antibiotics. In addition to prolonging illnesses, increasing medical costs, and increasing mortality rates, these bacteria are highly dangerous to public health (40). Several factors contribute to the development of multidrug resistance, including overuse, misuse, incomplete antibiotic courses, insufficient infection control, and frequent antibiotic use in hospitals (41). It is also possible that antibiotic resistance spreads to humans via food and the environment when antibiotics are used in livestock. There are some types of MDR bacteria, but methicillin-resistant Staphylococcus aureus (MRSA) is the most common and can manifest pneumonia and infection in blood and skin (42). There are also MDR strains of bacteria, such as Vancomycin-resistant Enterococcus (VRE), that are responsible for infection of the urinary tract and bloodstream (43). Hospital-acquired infections are caused predominantly by Carbapenem-resistant Enterobacteriaceae (CRE) (44) and Multidrug-resistant Pseudomonas aeruginosa (45). Patients with critically ill conditions may be susceptible to multidrug-resistant Acinetobacter baumannii, which may cause wound infections and pneumonia (46). Healthcare systems are burdened by multidrug-resistant bacteria due to longer hospital stays, higher treatment costs, and outbreak risk. The evolution of bacteria has warranted the need for new therapeutic approaches like antimicrobial peptides, phage-based therapy, and PDT. In this study, we have developed a specific PS that was used to kill the microbes via PDT.

PCL-NPs were prepared using a single emulsion method and characterized using DLS and zeta sizer. The solution of Rhodamine-6G was prepared, and the absorption peak was observed at 529 nm using a UV-vis spectrophotometer. The Rhodamine-6G was encapsulated within the PCL-NPs to evaluate the ROS quantum yield, and the EE was 62%. For the quantification of ROS generation efficiency of both R6G and R6G-PCL-NPs, the iodide method was employed using the photodynamic setup and UV- vis spectrophotometer. Finally, the quantum yield was calculated, and the ROS-generating property was found to be higher in the case of R6G-PCL-NPs. A step forward, the engineered PS was effective in killing the Gram-negative bacteria, E. coli, after exposure to light, demonstrating its PDT capacity. Hence, it can be indicated that R6G-PCL-NPs have better abilities to photodynamically inactivate microbes by generating singlet oxygen species. In combination with antibiotics, PDT can enhance the killing of bacteria (47).

Although PDT is very promising, there are several challenges that hinder its efficient application (48). First is the distribution of the PS inside the body, which can be uneven and can reach non-target regions, causing unwanted damage. Secondly, the penetration power of the light is very shallow, and there is a significant attenuation of the light as it passes through the tissues. Thirdly, under hypoxic conditions, PDT cannot be used since the PSs cannot generate singlet oxygen (49, 50). Several nanotechnological approaches have been identified to improve the efficacy of PDT, and future research is warranted to overcome these limitations.




Conclusion

PCL-NPs were prepared using a single emulsion method and characterized using DLS and zeta sizer. The solution of Rhodamine-6G was prepared, and the absorption peak was observed at 529 nm using a UV-vis spectrophotometer. The Rhodamine-6G was encapsulated within the PCL-NPs, with an encapsulation efficiency of 62%, to evaluate the ROS quantum yield. For quantification of ROS generation efficiency of both R6G and R6G-PCL-NPs, the iodide method was employed using the photodynamic setup and UV-vis spectrophotometer. Finally, the quantum yield was calculated, and the ROS-generating property was found to be higher in the case of R6G-PCL-NPs. Antimicrobial assessment was done using PDT and E. coli. It was found that with only our engineered PS, there was no killing observed, whereas with PS and green light exposure for 2 h, a significant amount of killing was observed. Hence, it can be indicated that R6G-PCL-NPs has better abilities to photodynamically inactivate microbes by generating singlet oxygen species, and the killing was 75% after 4 h of irradiation. In combination with antibiotics, PDT can enhance bacterial killing. The present investigation has revealed an engineered PS which exhibits an enhanced quantum yield. This can be effectively used in the future for the design of PSs that can kill MDR bacteria. The limitations of PDT include limited penetration of light to the target site, selection of proper PSs, and dose optimization when used in combination with antibiotics and immunotherapy.
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