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Abstract

:

Microbial photoinactivation using ultraviolet (UV) or visible light can be enhanced by photosensitizers. This study assessed the efficacy of encapsulating a food-grade photosensitizer (curcumin) in surfactant micelles on its water dispersibility, chemical stability, and antimicrobial activity. Stock curcumin-surfactant solutions were prepared with Surfynol 465 (S465) or Tween 80 (T80) (5 mM sodium citrate buffer). The antimicrobial activity of curcumin-loaded surfactant solutions was determined by monitoring the inactivation of Escherichia coli O157: H7 and Listeria innocua after 5-min irradiation with UV-A light (λ = 365 nm). The solutions mixed with the bacterial suspensions contained 1 µM curcumin and each surfactant below, near, and above their critical micelle concentrations (CMCs). The addition of surfactants at any level to the curcumin solution enhanced its dispersibility, stability, and efficacy as a photosensitizer, thereby enhancing its antimicrobial activity. Gram-positive bacteria were more susceptible than Gram-negative bacteria when curcumin-loaded micelles were used against them. The photoinactivation efficacy of curcumin-surfactant solutions depended on the pH of the solution (low > high), surfactant type (S465 > T80), and the amount of surfactant present (below CMC ≥ near CMC > above CMC = unencapsulated curcumin). This result suggests that excessive partitioning of curcumin into micelles reduced its ability to interact with microbial cells. Synergistic antimicrobial activity was observed when S465 was present below or near the CMC with curcumin at pH 3.5, which could be attributed to a more effective interaction of the photosensitizer with the cell membranes as supported by the fluorescence lifetime micrographs. The use of a micelle-based delivery system facilitates adsorption and generation of reactive oxygen species in the immediate environment of the microbial cell, enhancing photoinactivation.
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1. Introduction


Effective sanitation of food-contact surfaces reduces the risk of contamination of food products with pathogenic or spoilage microorganisms [1]. Chlorine compounds are one of the most common chemical sanitizers used on food surfaces within the food industry. The Food and Drug Administration (FDA) recommends that food processing equipment and food-contact surfaces are sanitized with no more than 200 parts per million (ppm) of available chlorine [2]. Application of chlorine above the recommended levels can result in excessive residual chlorine that could potentially impart adverse flavors and odors to food products or cause a safety hazard if the sanitizing solution is exposed to acids due to the production of chlorine gas [2]. Although, prior to sanitizating in the food industry, a cleaning stage is carried out, the effectiveness and safety of chlorinated water as a sanitizer could also be compromised by the presence of remaining organic matter on the surface due to the rapid depletion of chlorine and the formation of by-products such as trihalomethanes, which are carcinogenic [3,4,5]. Alternative sanitation methods for contact surfaces have, therefore, been proposed, such as ozone, organic acids, and essential oils. However, concerns about their limited efficacy (reductions of only 1–3 log10 cycles), environmental impact, ability to generate harmful and persistent by-products, and/or to promote the emergence of microbial resistance have precluded their widespread utilization [6].



Photodynamic inactivation involves the combined use of ultraviolet (UV) or visible light and photosensitizers (PS). Photoinactivation of microorganisms on food surfaces using a solution of photosensitizers and an available light source could result in an effective, environmentally friendly, and safe alternative to current sanitizers. To comply with these requirements, the photosensitizer solution needs to be stable, easy to prepare, and effective, even after storage. Additionally, none of the components of the solution should be toxic, produce harmful by-products or leave undesirable residues, which can be attained by using natural products that behave as photosensitizers at low concentrations.



Photosensitizers have the ability to absorb energy from light and then transfer it to acceptor molecules, such as a surrounding substrate (S) or molecular oxygen (3O2). When the photosensitization process involves the interaction of a photosensitizer in its excited singlet (1PS*) or triplet state (3PS*) with the surrounding substrate, it is dubbed Type I [7,8]. This interaction results in the transfer (donation or reception) of electrons or protons from the photosensitizer to the surrounding substrate, and subsequent generation of radical anions that react with oxygen to form reactive oxygen species (ROS), such as superoxide anion (O2•-) and hydroxyl radicals (HO•) [9,10]. In Type II photoreactions, the photosensitizer in its triplet excited state (3PS*) collides with molecular oxygen, transferring its energy and generating excited singlet oxygen (1O2) [7,11] Characteristic Type I and II photoreactions, and the corresponding ROS generated by each of them, are presented in Figure 1.



The generated ROS (hydroxyl radicals or 1O2) can then inactivate pathogenic microorganisms in foods or food surfaces by damaging their cell membranes, organelles, and/or nucleic acids. Although both Type I and II reactions can occur simultaneously, most of the antimicrobial activity resulting from photosensitization processes is attributed to Type II reactions and the high reactivity of singlet oxygen (1O2) with cellular components such as lipids, proteins, and nucleic acids [12,13]. Singlet oxygen’s high reactivity is due to its π antibonding electrons in a single orbital [13]. Therefore, it quickly reacts with non-radical, singlet state, and electron-rich compounds containing double bonds [8]. It should be noted that singlet oxygen has a very short lifetime, typically lower than 3.5 microseconds, due to its fast radiative decay to the ground triplet state with emission at 1270 nm [14]. The short lifetime and high reactivity of singlet oxygen restrict the distance it can travel to a spherical domain of around 10 to 100 nm from where it was generated [13,15]. Furthermore, the lifetime of singlet oxygen is reduced in aqueous media due to the transfer of energy to the oxygen-hydrogen stretching mode of water molecules, which has a similar energy to that of singlet oxygen [13]. Thus, it is believed that photosensitizers must be close to or physically interacting with their target (e.g., microbial surfaces) to be effective. This is supported by research in photodynamic therapy and photodynamic inactivation, where photosensitizer uptake by mitochondria, lysosomes, organelles, or pathogenic bacteria was shown to increase treatment efficiencies [7,16,17]. We hypothesize that encapsulating a photosensitizer in a well-designed delivery system would improve its ability to interact with bacteria, thereby increasing its efficacy as an antimicrobial agent.



Curcumin was used in this study as a natural food-grade photosensitizer. Curcumin is the most bioactive and abundant compound present in Curcuma longa species [18]. However, it has a relatively low water solubility, i.e., 3.12 mg/L at 25 °C [19], limiting the amount that can be incorporated into aqueous solutions. Moreover, it tends to chemically degrade when exposed to light and can either precipitate or chemically degrade during storage, depending on the pH of the solution [20]. Curcumin is in a hydrophobic non-charged form in aqueous solutions from pH 1 to 7, which causes it to nucleate and precipitate out of solution. Conversely, it is partially charged from pH 7 to 10, which increases its hydrophilicity and water solubility but decreases its chemical stability. Indeed, curcumin has been shown to degrade into ferulic acid and ferulymethane under alkaline conditions [18]. Despite these shortcomings, curcumin has been used as an effective photosensitizer. For example, de Oliveira et al. [21] reported that curcumin (1–10 mg/L) reduced E. coli O157:H7 and L. innocua counts on fresh-produce surfaces by more than 5 log cycles at low pH in combination with UV-A light. The efficiency of curcumin as a photosensitizer could be enhanced by identifying an appropriate delivery system to mitigate potential problems, such as precipitation, and optimize its performance as a food-grade sanitizing agent. A desirable delivery system for photodynamic inactivation should meet the following criteria: (i) it should not increase light scattering (e.g., low turbidity), as photoactivation and, consequently, ROS generation depends on light penetration; (ii) it should not absorb light at the same wavelength as the encapsulated photosensitizer; (iii) it should promote the partitioning of the encapsulated photosensitizer into the pathogenic bacteria; and (iv) all of its components should be approved for use on food-contact surfaces.



Based on these requirements, micellar delivery systems would appear to be highly suitable for encapsulating curcumin so as to increase its efficacy as a photosensitizer and its antimicrobial activity against bacteria. Surfactant micelles consist of small particles that are spontaneously assembled from surfactant molecules due to hydrophobic effects [22]. These colloidal particles have a hydrophobic interior that is capable of solubilizing non-polar molecules such as curcumin, as well as a hydrophilic exterior that allows them to be readily dispersed within water. Surfactant micelles are thermodynamically favorable systems, which means that once formulated, they should remain stable indefinitely. Micelles tend to form when the surfactant concentration in solution exceeds the critical micelle concentration (CMC). Below the CMC, the surfactant molecules are dispersed as monomers in water, but above the CMC, surfactant micelles and monomers co-exist. Previous studies have reported that micelles could be used to encapsulate and stabilize curcumin [23,24,25]. The dimensions of surfactant micelles (<20 nm) are typically much lower than the wavelength of light (380–780 nm), which means that they only scatter light very weakly, and the solution appears transparent. This is an advantage for the development of delivery systems for photosensitizers because it means that more light penetrates into the interior of the system, thereby increasing photoexcitation of the photosensitizer and ROS generation [26]. Also, as a result of their small particle size, micelles move rapidly due to Brownian motion, which increases their interactions with bacteria. Finally, micelles are highly dynamic systems, which means that curcumin molecules may be rapidly exchanged between the hydrophobic interiors of the micelles and cell membranes in the bacteria.



This study examined the impact of encapsulating curcumin within surfactant micelles on its water dispersibility, chemical stability, and antimicrobial efficacy. Two surfactants approved for food contact surface applications were used to assemble the micelles: Surfynol 465 and Tween 80. The physicochemical and structural properties of the curcumin-loaded surfactant micelles were characterized, and their photoinactivation capacity was evaluated against two model food pathogens, Escherichia coli O157:H7 and Listeria innocua. The results of this study may lead to the development of more efficacious antimicrobial formulations to treat food-contact surfaces.




2. Materials and Methods


2.1. Materials


Curcumin with a purity higher than 97% was purchased from TCI Chemicals (C2302-5G, Montgomeryville, PA, USA). Two nonionic surfactants, Surfynol 465 (S465) and Tween 80 (T80), were obtained from Shenzhen Vtolo Industrial Co. Ltd. ( Shenzhen, Guangdong, China) and Sigma-Aldrich (P1754, St Louis, MI, USA), respectively. 5 mM sodium citrate buffer was prepared using citric acid monohydrate (C7129, Sigma-Aldrich, St. Louis, MO, USA) and sodium citrate (#775538, Fisher-Scientific, Waltham, MA, USA). Absolute ethanol (#111000200) was obtained from Pharmco (Brookfield, CT, USA).




2.2. Stock Curcumin-Surfactant Solutions


A curcumin stock solution (4 mM) was prepared by dissolving curcumin into ethanol. Surfactant solutions were prepared by dissolving different amounts of S465 or T80 in 5 mM sodium citrate buffer at pH 3.5 and stirring at 125-rpm for 20 min. The curcumin stock solution was titrated (2.5 mL/min) into each surfactant solution to produce 20 µM curcumin-surfactant stock solutions. After titration, the stock curcumin-surfactant solutions were sheared for 15 min. These conditions are known to induce nucleation and crystallization of curcumin under conditions where there is insufficient surfactant to fully solubilize the curcumin [20]. All the curcumin micellar stock solutions were then filter-sterilized using a 0.45 µm syringe filter (Cat# 02915-22, Cole-Palmer, Vernon Hills, IL, USA) and stored at 4 or 20 °C. The initial concentration of curcumin and surfactant in each stock solution was selected so that curcumin-surfactant systems containing 1 µM curcumin and surfactant concentrations below, at, or above the CMC could be obtained after dilution.




2.3. Maximum Curcumin Loading Capacity of Surfactant Solutions


The maximum curcumin loading capacities of surfactant solutions prepared at concentrations below, near, and above their CMCs were determined by titrating (2.5 mL/min) an alcoholic curcumin solution into each aqueous surfactant solution. The endpoint, taken to be the maximum loading capacity, was identified as the curcumin concentration that first caused an appreciable rise in turbidity, which was determined by measuring the absorbance at 600 nm after the samples had been stored overnight.




2.4. Stability of Stock Curcumin in Surfactant Solutions during Storage


Curcumin stability in the stock solutions was monitored during storage in a 4 or 20 °C incubator for 30 days. Visual observation was carried out by tilting the tube to a 45° angle for any evidence of crystallization every two days. The mean particle diameter (Z-average) and polydispersity index (PDI) of the micelles formed were measured using dynamic light scattering (Zetasizer Nano Z.S., model ZEN 3600, Malvern Instruments, Malvern, UK). The particle size distribution was calculated from the back-scattered laser intensity fluctuations using the instrument’s software (Malvern Zetasizer DTS software, Version 7.01).



The absorption of encapsulated curcumin over 30 days was determined using a UV-visible spectrophotometer (Shimadzu Scientific, Kyoto, Japan) at 425 nm in quartz cuvettes (1 cm path length). The size of the spectrophotometer slit was set at 1 nm. The intensity of the curcumin autofluorescence was also used to monitor curcumin solubility inside the micelle and the effect of surfactants on the photophysical properties of the solution using a spectrofluorometer (Fluoromax-4, Horiba Scientific Inc., Edison, NJ, USA). Fluorescence spectra of curcumin in stock surfactant solutions were recorded using an excitation wavelength of 365 nm over an emission range of 375 to 600 nm. The excitation and emission slits used were 2 and 3 nm, respectively.




2.5. Surface Potential of the Curcumin Micelles in the Stock Solutions


The net charge (ζ-potential) of the micellar solutions was measured using a particle electrophoretic light scattering instrument (Zetasizer Nano Z.S., model ZEN 3600, Malvern Instrument, Malvern, UK). Changes in ζ-potential were monitored during storage in a 4 or 20 °C incubator for 30 days.




2.6. Bacterial Culture Conditions


E. coli O157:H7 (ATCC-43888, non-toxigenic strain) and L. innocua Seelinger (ATCC-51742) were obtained from American Type Culture Collections (Manassas, VA, USA) to be used as surrogates of representative Gram-negative and Gram-positive foodborne pathogens. A frozen stock E. coli O157:H7 suspension was prepared in a mixture of tryptic soy broth (TSB; Cat# DF0064-07-6, B.D. Diagnostic Systems, Berkshire, UK) containing 25% v/v glycerol. For L. innocua Seelinger, the stock was prepared in a mixture of tryptic soy broth with 0.01% yeast extract (TSBYE) and 25% v/v glycerol. Both stocks were stored at −80 °C. A working stock was prepared by inoculating a loopful of frozen stock in TSB then incubating at 37 °C overnight. Subsequently, the working stocks were streak plated onto MacConkey Sorbitol Agar (Cat# 279100, B.D. Diagnostic Systems) or Modified Oxford Agar (Cat# 222530, B.D. Diagnostic Systems), which was then stored at 4 °C for a week.



For the photoinactivation assay, a colony was inoculated into TSB or TSB + 0.01%YE and incubated at 37 °C for 18 h on a 125-rpm shaker. For each experiment, 18 h cultures were prepared, and their optical density at 600 nm (OD600) was adjusted to 0.15 cm−1, which confirmed they initially contained approximately 9 log CFU/mL. Bacteria were then washed two times with phosphate-buffered saline (PBS) solution by centrifugation at 3 g for 3 min. OD600 was obtained again after washing to confirm that there was no significant loss of bacteria. The bacterial counts were confirmed by dilution and plating on Tryptic Soy Agar (TSA; Systems Cat# 236920, B.D. Diagnostic Systems) using the spread plate method. The culture was then used to prepare the samples to be photoinactivated.




2.7. Bacterial Photoinactivation


The photoinactivation of the selected bacteria, expressed as log reductions (i.e., log10 [N0/N(t)], where N0 is the initial inoculum count and N(t) is the count at time t after each treatment was used to quantify the antimicrobial activity of the different curcumin-surfactant systems. Samples were prepared by replacing a volume of buffer with different volumes of curcumin-surfactant stock solution to obtain a series of samples that had the same curcumin concentration (1 µM) but different surfactant concentrations (below, near and above the CMC). After the curcumin was incorporated, the bacteria were added to obtain 6 log CFU/mL. 2mL of each diluted solution, which was aliquoted into 4 wells in sterile 24-well non-treated plates (Celltreat® #229524, Celltreat Scientific Products, Pepperel, MA, USA), and then stored in the dark for 5 min prior to treatment. After that, the samples were either incubated in the dark or irradiated for 5 min. The irradiated samples were treated using an XL-1500 UV-crosslinker (Spectronic Corporate, Westbury, NY, USA) equipped with UV-A light (λ = 365 nm). Inside the irradiation chamber, the 24-well plate was placed on an elevated platform 9 cm away from the light source. For each run, four wells were used to irradiate the samples. The position of the four wells was adjusted to expose all the wells to an irradiance of 5.2–5.4 μW/cm2. Verification of the irradiance and temperature in the wells were made with a UV A/B light meter (#850009, Sper Scientific, Scottsdale, AZ, USA) and a four-channel data logger (#800024, Sper Science), respectively. Controls for the independent effect of the UV light, each surfactant concentration without curcumin, and non-encapsulated curcumin on microbial inactivation were also run.



Bacterial survival after treatment was determined using the table for 3-tube most probable number (MPN) at 95% confidence interval, as described in the Food and Drug Administration Bacteriological Analytical Manual [27]. The MPN method was selected since its limit of detection allows monitoring photoinactivation efficacy even when the procedures caused a significant reduction in the counts of treated samples. This method was used to evaluate all the treatments, except for the effect of curcumin concentration on photoinactivation. After irradiation, samples were serial diluted in PBS (pH 7.4), and 1 mL from each dilution (10−1, 10−2, 10−3 or higher) was inoculated into triplicate wells containing 2 mL of TSB or TSBYE (for E. coli or L. innocua, respectively) in a sterile 24-well plate. After incubation at 37 °C for 24 h, the turbidity of the samples in each well was assessed visually as a presumptive positive growth. Confirmation was undertaken by streaking on selective media for each microorganism (i.e., MacConkey Agar (BD 211393) and Modified Oxford Agar (BD 222510) for E. coli and L. innocua, respectively). Confirmed positive wells were used for calculating the MPN/mL.




2.8. Fluorescence Lifetime Imaging Microscopy (FLIM)


Fluorescence Lifetime Imaging Microscopy (FLIM) was used to obtain information about the local environments of the intrinsic lumiphore (curcumin) in the studied systems, which provided insights into the partitioning of this photosensitizer into the microbial cells [28]. Bacteria were deposited onto a 35 mm poly-D-lysine-coated dish (P35GC-1.5-10-C, MatTek Life Sciences, Ashland, MA, USA), dried for 2 h under air circulation in a biological safety-hood, and then treated with 5 µM curcumin and S465 or T80 (near C.M.C.). The fluorescence lifetime measurements of the samples were performed using a Nikon TiE stand with an A1 Spectral Detector confocal microscope (Nikon Instruments Inc., Melville, NY, USA) equipped with a FLIM/Fluorescence Correlation Spectroscopy (FCS) module. Briefly, curcumin fluorescence was first imaged using the traditional scanning confocal capability of the microscope. Once a suitable field of view was found and focused, the input lasers were changed to a 405 nm pulsed laser, and the fluorescent photons produced were directed to the Becker-Hickl SPC-152/HPM-100-40 dual detector system (Boston Electronics). Curcumin fluorescence lifetime was measured using 50 Mhz pulse frequency. The recorded fluorescence decay curves were analyzed with Becker & Hickl SPC Image-fitting software was used to yield the mean fluorescence lifetime of 256 × 256 pixel lifetime images and characterized the fluorescence lifetime using a multi-exponential model (2 components).




2.9. Data Acquisition and Analysis


All experiments were carried out as three independent experimental replicates. The Statistical Package for the Social Sciences (SPSS, Version 25, SPSS Inc., Chicago, IL, USA) was used to perform the statistical analysis. A paired t-test was used to analyze differences in the average diameter of micelles, polydispersity (PDI), and antimicrobial efficacy of the curcumin-loaded micelles at days 0 and 30. This statistical test was also used to analyze differences in the average log reductions obtained in the irradiated and non-irradiated samples. Duncan’s new multiple-range tests were used to identify differences between averages of the diameter of micelles, PDI, and log reductions obtained at different conditions. All tests were performed using p ≤ 0.05 to represent a statistical significance.





3. Results and Discussion


3.1. Influence of pH on the Photoinactivation Capacity of Unencapsulated Curcumin


Initially, the antimicrobial activity of non-encapsulated curcumin was evaluated in different buffer solutions (pH 3.5–7.4) containing 6 Log CFU/mL of E. coli O157:H7 placed in a multi-well plate. Inoculated microbial suspensions (2 mL) containing different curcumin concentrations (0–50 µM) were irradiated with UV-A light (λ = 365 nm) for 5 min. As the pH of the buffer decreased, the antimicrobial efficacy increased (Figure 2). According to Tønnesen and Karlsen [18], the half-life of curcumin in aqueous solutions (pH 1.2–7.0) was longer at lower pH values. Thus, a higher concentration of curcumin remained in an active form at pH 3.5 than at pH 7.0. Additionally, this lower pH also might have contributed to a greater influx of non-dissociated citric acid into the microbial cells, thereby lowering the intracellular pH of the bacteria and enhancing inactivation, as reported by de Oliveira et al. [21]. At pH 3.5, the photoinactivation efficacy increased as the concentration of curcumin increased (Figure 2). At pH 5, the same photoinactivation trend was observed until the curcumin concentration reached 10 µM, then it decreased with a further increase (Figure 2). This effect may have been due to either an increased absorbance of light by the curcumin molecules or an increased scattering of light by any curcumin crystals formed at high concentrations, which interfere with photoactivation. At pH 7.4, photoinactivation by curcumin was adversely affected, probably due to rapid precipitation or degradation of the curcumin at this pH (Figure 2).



The antimicrobial assay employed in these experiments indicated that 1 µM of curcumin could inactivate at least 2.5 Log CFU/mL of E. coli O157:H7 at pH 3.5. Higher concentrations of curcumin at pH 3.5 gave count levels below the spread plate limit of detection. Therefore, 1 µM of curcumin was used in subsequent antimicrobial assays to elucidate the role of the delivery system on the efficacy of the photoinactivation process and the MPN method was used for further monitoring of the inactivation efficacy.




3.2. Influence of Surfactant Level on Curcumin Stability in the Stock Solutions


The maximum loading capacity of the S465 and T80 solutions was determined by titrating different amounts of curcumin into them and then measuring their turbidity. These experiments showed that T80 was more efficient at encapsulating curcumin than S465 (Figure S1-Supplementary Material). The molecular dimensions of surfactants are known to affect the shape and structure of the micelles formed [22], which impacts their solubilization properties. T80 and S465 have different molecular dimensions and polarities, as reflected by differences in their hydrophilic-lipophilic balance (HLB) values [29]. T80 has a hydrophilic polyoxyethylene head-group with an unsaturated hydrophobic tail with a kink and an HLB value of 15 [30]. In contrast, S465 exhibits a “Gemini” shape with two hydrophobic tails, two ethoxylated hydrophilic groups, and an HLB value of 13 [31]. These results are consistent with the results of Ma et al. [32] that reported a more uniform distribution and stability of curcumin in micellar systems prepared from surfactants with high HLB values. Based on these results, stock curcumin-surfactant solutions containing 20 µM of curcumin were produced using the two surfactants. This curcumin concentration was used because it was well below the maximum loading capacity of the curcumin for the two surfactants used.



Three surfactant levels were used to produce the 20 µM curcumin-surfactant stock solutions: 92, 184, and 276 mM for S465 and 0.072, 0.24, and 0.36 mM for T80. The CMC of pure S465 and T80 have been reported to be around 10.5 mM or 11–16 mM [33,34] and 0.014 mM [25], respectively. Hence, a 1:20 dilution of the stock solution allows curcumin-surfactant solutions to be produced with surfactant concentrations below, near, and above the CMC. It should be noted that the CMC of a surfactant solution is affected by the presence of encapsulants and may either increase or decrease, depending on the molecular characteristics of the encapsulant [25].



Changes in the solubility and stability of curcumin during storage were assessed by measuring changes in the absorbance and emission intensity of the diluted curcumin-surfactant solutions. The diluted solutions were within the linear region of the intensity versus concentration relationship, thereby avoiding any inner-filter effects that can cause problems for fluorescence measurements. In contrast to the pure curcumin solutions, the presence of either S465 and T80 prevented nucleation and precipitation of the curcumin, as reflected by the lack of a reduction in absorbance and fluorescence intensity values during storage for 30 days at 4 or 20 °C (Figure 3 and Figure 4, Figures S2 and S3). Regardless of the surfactant employed, samples with a higher concentration of surfactant exhibited higher fluorescence emission intensity. This effect can be attributed to a higher curcumin concentration within the hydrophobic interior of the surfactant micelles, as well as less light scattering by any precipitated curcumin.



The majority of the curcumin-surfactant solutions were stable, i.e., the curcumin concentration remained constant throughout storage. The only exception was the curcumin-T80 solution below the CMC, which showed an appreciable decrease in absorbance and fluorescence intensity over time. In this system, extensive precipitation of curcumin was observed, which precluded measurement of the particle size at day 30 because a representative sample could not be obtained, and the particle size of the crystals was above the measurement range of the dynamic light scattering instrument. Overall, all the solutions produced with S465 had a smaller mean particle diameter than those produced with T80 (Table 1). There were no significant differences in the mean particle diameter among samples prepared with the same surfactant. Also, the storage of the stock solution for 30 days at 4 and 20 °C did not affect the mean particle diameter of the solutions (Table 1 and Figure S4). All samples produced with S465 or T80 had a relatively low charge, as indicated by their low ζ-potential, which can be attributed to the fact that these are nonionic surfactants. Moreover, there was no significant change in the ζ-potential values between days 0 and 30 storage for the majority of the samples (Table S1).




3.3. Influence of Surfactant Level on Microbial Photoinactivation


As mentioned earlier, curcumin-surfactant solutions with surfactant levels below, near, and above the CMCs were prepared; all contained 1 µM curcumin (5 mM sodium citrate buffer, pH 3.5). These samples were inoculated with the corresponding microorganisms and then irradiated for 5 min as described in Section 2.7. The efficacy of curcumin formulations that were freshly prepared or stored for 30 days was compared. The photoinactivation of the unencapsulated curcumin sample decreased significantly after storage. Conversely, photoinactivation by the curcumin-surfactant solution remained constant or only slightly decreased (Figure 5) after 30 days of storage. When S465 was present at concentrations below or near its CMC, photoinactivation was enhanced, regardless of the age of the stock solution. However, when S465 was present at concentrations above the CMC, the overall photoinactivation was lower than when using other curcumin-S465 solutions and similar to unencapsulated curcumin. This effect can be attributed to the fact that there were more surfactant micelles present that could solubilize the curcumin. As a result, a lower fraction of the curcumin partitioned into the cell walls of the bacteria, which reduced its ability to promote photoinactivation. This hypothesis is supported by the results shown in Figure 4, which indicated a higher fluorescence intensity for these systems, and is consistent with more of the curcumin being trapped in a highly restrictive environment, such as the hydrophobic core of the surfactant micelles [35,36]. When T80 was present below, near, and above the CMC, at day 0, the antimicrobial activity was similar to that of unencapsulated curcumin in terms of log reductions. But on day 30, due to the protective effect provided by the T80, the inactivation achieved was higher than the one observed using unencapsulated curcumin stored for 30 days.



The analysis of the fluorescence lifetime micrographs provides some insights into the differential performance of the two surfactants (Figure 6). The micrographs for E. coli and unencapsulated curcumin exhibited shorter average fluorescence lifetimes than those containing curcumin and surfactant. A higher average lifetime suggests a more effective adsorption of the photosensitizer onto the microbial cell wall and in situ generation of ROS. The values of the average lifetimes are thereby consistent with the extent of inactivation obtained for each system.




3.4. Combined Effects on Microbial Photoinactivation


In this series of experiments, we examined the contribution of each of the components in the curcumin-surfactant micellar solutions of the photoinactivation of E. coli O157:H7 and L. innocua. In this case, the surfactant concentrations used were close to the CMC values. Photoinactivation with curcumin-loaded micelles produced from S465 was highly affected by the pH of the system. The dependency of curcumin photosensitization activity on pH, albeit not within delivery systems, was also reported by de Oliveira et al. [21]. Similar to their findings, our study showed that at lower pH values (i.e., 3.5), there was a distinct enhancement in antimicrobial activity when both curcumin and S465 micelles were present (Figure 7). Interestingly, S465 micelles alone could reduce the number of viable E. coli O157:H7 cells to levels similar to those obtained with unencapsulated curcumin after irradiation. This observation also supports the reduction in the performance of curcumin-S465 systems when the surfactant concentration greatly exceeds the CMC. As mentioned earlier, under these conditions, the photoactivated antimicrobial activity of the curcumin is reduced because it is mainly trapped inside the hydrophobic interiors of the micelles, rather than in the microbial cells (Figure 5). Conversely, when the surfactant concentration is near (or below) the CMC, the antimicrobial activity may be enhanced because there are fewer surfactant micelles available to compete with the bacterial cells. It is not expected that the S465 itself contributes greatly to the antimicrobial activity through photosensitization because its absorbance and structural properties are not capable of producing high levels of ROS. However, it has been reported that surfactants can exhibit antimicrobial properties due to their ability to increase the permeability of cellular membranes [37,38]. In fact, a previous study indicated that micelles produced with Surfynol 485W, which has a similar structure to S465 (30 vs. 10 moles of ethylene oxide, respectively) and HLB values (18 vs. 13) could weakly inhibit the growth of E. coli O157:H7 and Listeria monocytogenes at low pH [39]. Gram-positive bacterium L. innocua was more sensitive than Gram-negative bacterium E. coli O157:H7 to photoinactivation by both the irradiated unencapsulated curcumin and the curcumin-loaded S465 micelles at all pH values (Figure 7 and Figure 8). A synergistic antimicrobial activity was not observed at pH 3.5 and pH 5 for L. innocua due to the limit of detection of the method used (Figure 8).



When the photoinactivation of curcumin-loaded micelles produced from T80 was tested at pH 3.5, no synergistic antimicrobial activity between the curcumin and surfactant was observed. Unlike S465, using a delivery system produced by T80 did not further decrease E. coli O157:H7 counts present at pH 3.5 after irradiation (Figure 9). This may be due to the difference in the amount of surfactant required to produce the micelles and the molecular structure of the surfactants. Indeed, a previous study reported that the size of the headgroup affects the partitioning of nonionic surfactants into phospholipid liposomes, thereby causing differences in the rate of leakage of the contents inside them [38]. Similar to the effects obtained with S465 micelles, L. innocua was more susceptible to photoinactivation with curcumin-loaded T80 micelles than E. coli O157:H7 (Figure 9).



L. innocua were more sensitive than E. coli O157:H7 to both types of curcumin-loaded micelles due to differences in the structure of their cellular membranes. Previous studies reported that Gram-positive bacteria are more vulnerable than Gram-negative to curcumin after irradiation [40,41]. Additionally, the use of delivery systems such as curcumin-loaded nanoparticles also contributed to an increased susceptibility in Gram-positive bacteria once irradiated with blue light [42]. Gram-positive bacteria have a peptidoglycan layer outside the cytoplasmic membrane, consisting of peptidoglycan, at least 40% by weight, and anionic polymers covalently linked to peptidoglycans [43]. However, this layer does not act as a permeability barrier as it is highly porous to small molecules [44]. Gram-negative bacteria have a more complex membrane structure. The outermost layer of Gram-negative bacteria is a membrane consisting of phospholipid bilayers embedded with lipopolysaccharide (LPS), outer membrane protein, and lipoprotein, which prevent substances such as antibiotics from entering the cytoplasm [44]. Therefore, the outer membrane of Gram-negative bacteria gives them some protection from photosensitization by inhibiting the diffusion of photosensitizers into the cells.



In summary, micellar delivery systems enhanced the photoactivated antimicrobial efficacy of curcumin. Micelles produced using S465 or T80 increased the stability and dispersibility and, consequently, the antimicrobial efficacy of curcumin in the aqueous phase over 30 days of storage. Micelles produced using S465, once diluted, had the best antimicrobial efficacy when the surfactant concentration was near or below the CMC because there was less partitioning of the curcumin between the hydrophobic domains in the micelles and the microbial cells. Also, there was a synergistic effect when both curcumin and S465 were present, which may have been due to the combined effect of curcumin and S465 on the cellular membrane of the bacteria.



Interestingly, the curcumin did not precipitate in the surfactant solutions even under conditions where the surfactant concentration was below the CMC. This effect may have been due to the ability of the surfactants to inhibit the nucleation and crystal growth of the curcumin. Presumably, the non-polar tails on the surfactant molecules could bind to the non-polar surfaces of the curcumin molecules, thereby preventing them from coming into close contact with each other.





4. Conclusions


The formation, stability, and photoinactivation efficacy of curcumin-surfactant solutions depend on the pH of the system, surfactant type, and the level of surfactant used. The addition of surfactants at any level to the curcumin solution enhanced its dispersibility, stability, and efficacy as a photosensitizer, thereby enhancing its antimicrobial activity. Surfactant addition also led to stable, concentrated curcumin solutions that could be diluted for use as surface sanitizers. All curcumin-surfactant solutions prepared from the two nonionic surfactants used (S465 or T80) were stable, and the encapsulated curcumin exhibited good photoinactivation after storage. However, only curcumin micelles with S465 concentrations below or near the CMC showed a synergistic antimicrobial activity between the curcumin and surfactant once irradiated, with this effect being most predominant at pH 3.5. This effect was mainly attributed to the stresses imposed on the cellular membranes by both of these compounds, which allowed increased influx of weak acids and curcumin into the microbial cells. Gram-positive bacteria, with less complex cellular membranes, were more susceptible than Gram-negative bacteria when curcumin-loaded micelles were used against them. Our data indicate that the use of a micelle-based delivery system facilitates adsorption and the generation of reactive oxygen species in the immediate environment of the microbial cell. Nevertheless, further studies are required to evaluate the underlying mechanisms of the synergistic microbial photoinactivation by photosensitizers and surfactants.
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Figure 1. Type I & II photoreactions involved in the generation of ROS. (H2O2 is hydrogen peroxide and OH− is hydroxide.). 
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Figure 2. Reduction in E. coli O157: H7 from photoactivation with varying curcumin concentrations at pH 3.5, 5, or 7.4. “*” indicates that the remaining log count was below the limit of detection of the method (spread plating). Capital letters indicate differences between averaged log reductions at different pHs; samples with the same letters are not significantly different (p > 0.05). Lower-case letters indicate differences in averaged log reductions at different curcumin concentration; means with same letters are not significantly different (p > 0.05). 






Figure 2. Reduction in E. coli O157: H7 from photoactivation with varying curcumin concentrations at pH 3.5, 5, or 7.4. “*” indicates that the remaining log count was below the limit of detection of the method (spread plating). Capital letters indicate differences between averaged log reductions at different pHs; samples with the same letters are not significantly different (p > 0.05). Lower-case letters indicate differences in averaged log reductions at different curcumin concentration; means with same letters are not significantly different (p > 0.05).



[image: Foods 10 01777 g002]







[image: Foods 10 01777 g003 550] 





Figure 3. Stability of curcumin in solution and encapsulated in (A) S465 and (B) T80 at different concentrations during storage at 20 °C for 30 days. The data shows changes in the absorbance at 425 nm over time. 
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Figure 4. Normalized fluorescence-emission intensity of curcumin in solution and encapsulated in (A) S465 and (B) T80 at different concentrations during storage at 20 °C for 30 days (λexc = 365 nm, λem = 500 nm). 
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Figure 5. E. coli O157: H7 log reduction after photosensitization treatments with recently prepared (day 0) and stored (day 30) curcumin in solution or encapsulated in (A) S465 and (B) T80. Capital letters indicate differences between measurements at day 0 and 30. Lower-case letters indicate differences between treatments measured on the same day. Samples with the same letters are not significantly different (p > 0.05). 
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Figure 6. FLIM micrographs of E. coli O157: H7 treated with unencapsulated curcumin (left), in S465 (middle) and T80 micelles (right). The correspondent short and long components of the exponential fit of the lifetime are listed below each image along the average lifetime. 
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Figure 7. Reductions in E. coli O157: H7 counts after photosensitization with curcumin in solution and S465 micelles at (A) pH 3.5, (B) pH 5, and (C) pH 7.4. Capital letters indicate differences between irradiated and non-irradiated samples. Lower-case letters indicate differences within treatments (irradiated vs. non-irradiated). Means with same letters are not significantly different (p > 0.05). 
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Figure 8. Reductions in L. innocua counts after photosensitization with curcumin in solution and S465 micelles at (A) pH 3.5, (B) pH 5, and (C) pH 7.4. “*” indicates that the MPN was below the limit of detection, and the log reduction was greater than 5. Capital letters indicate differences between irradiated and non-irradiated samples. Lower-case letters indicate differences within treatments (irradiated vs. non-irradiated). Means with same letters are not significantly different (p > 0.05). 
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Figure 9. Reductions in (A) E. coli O157: H7 and (B) L. innocua counts photosensitized with curcumin in solution and T80 micelles at pH 3.5. “*” indicates that the log reduction was below the limit of detection of the method (MPN). Capital letters indicate differences between irradiated and non-irradiated samples. Lower-case letters indicate differences within treatments (irradiated vs. non-irradiated). Means with same letters are not significantly different. 
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Table 1. Mean diameters and polydispersity indexes (PDI) of stock curcumin/surfactant solutions during storage.
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Curcumin/Surfactant Solution

	
Mean Particle Diameter Z-AverZage (nm) **

	
Polydispersity Index (PDI) **




	
Curcumin Conc.

(µM)

	
Surfactant

	
4 °C

	
20 °C

	
4 °C

	
20 °C




	
Type

	
Level

	
Day 0

	
Day 30

	
Day 0

	
Day 30

	
Day 0

	
Day 30

	
Day 0

	
Day 30






	
20

	
None

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
S465

	
Below CMC

	
6.8 ± 2.1 Aa

	
7.6 ± 2.2 Aa

	
6.8 ± 2.1 Aa

	
7.1 ± 1.8 Aa

	
0.11 ± 0.06 Aa

	
0.09 ± 0.08 Aa

	
0.11 ± 0.06 Aa

	
0.16 ± 0.06 Aa




	
Near CMC

	
5.8 ± 0.7 Aa

	
5.3 ± 0.2 Aa

	
5.8 ± 0.7 Aa

	
7.1 ± 1.8 Aa

	
0.11 ± 0.07 Aa

	
0.06 ± 0.05 Aa

	
0.11 ± 0.07 Aa

	
0.08 ± 0.02 Aa




	
Above CMC

	
6.6 ± 1.8 Aa

	
6.2 ± 0.7 Aa

	
6.6 ± 1.8 Aa

	
8.3 ± 2.3 Aa

	
0.13 ± 0.03 Aa

	
0.18 ± 0.03 Aa

	
0.13 ± 0.03 Aa

	
0.14 ± 0.01 Aa




	
T80

	
Below CMC *

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Near CMC

	
15 ± 1.0 Ab

	
16 ± 5.3 Ab

	
15 ± 1.0 Ab

	
17 ± 2.8 Ab

	
0.21 ± 0.09 Aa

	
0.26 ± 0.08 Aa

	
0.21 ± 0.09 Aa

	
0.24 ± 0.07 Ab




	
Above CMC

	
15 ± 4.0 Ab

	
19 ± 6.8 Ab

	
15 ± 4.0 Ab

	
17 ± 2.8 Ab

	
0.29 ± 0.16 Aa

	
0.33 ± 0.28 Aa

	
0.29 ± 0.16 Aa

	
0.23 ± 0.02 Ac








* Samples too polydisperse to be measured with the Zetasizer NS. ** Capital letters were used to show differences between measurements at day 0 and 30; same letters indicate data was not significantly different (p > 0.05). Means with the same lower-case letters in the same column were not significantly different (p > 0.05).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
% 5
< I,
*® M e ————
*
*
< 51
I I I I I I I I 1
T N NN = o
e o v =]
[G)N/°N]'307T - uondnpay 307

50

20

Curcumin Concentration (pM)

@pH7.4 @pHS MpH3.5





nav.xhtml


  foods-10-01777


  
    		
      foods-10-01777
    


  




  





media/file18.png
////////

[)N/°N]°"307T - uonyonpay wﬁ

& ﬂ///,//////

[OIN/°N]°"S0] - uonyonpay S0

Twee

(near CMC)

ncapsulated Curcumin micelle
umin

*

Tween

capsulated Curcumin micelle
(near CMC)

Curcumin

Irradiated

® Non-Irradiated

® Non-Irradiated Irradiated





media/file16.png
near CMC)

apsulated Curcumin micelle
i (

U

(near CMC)

Unencapsulated Curcumin micelle
Curcumi

min micell
CMCQ)

psulated C

cumin

T T T T T T
-~ o N -+ e (| v = vt

Z  [ON/NI3o - uononpay S0y

U

Irradiated ™ Non-Irradiated





media/file2.png
Type 1
PS* + § — PST + ST
PS~™ +30, — PS + 05
20, +2H* — H,0, + 0,
0, + Hy,0, —3 0, + HO + OH™
Type 11
’PS* + 30, - PS +10,





media/file5.jpg
(A3 038

®
4
[XF B B ' 0
H

Soas 03s HE
3 '
2
S 02
Zois 015
Zu o

008 008 LI ¢

i [

L o —t

1 D o woow oW W
“Time (days) Time (days)

*Unocpuied Caciin il (elow MO+ Ui a4 il (o )

o Concami micele (near CMC) 8 Curvumin micel (sbove CMC) @ Corcumin micele (or CMC) = Cocumin micele(bove CMC)





media/file3.jpg
f T T T T T T
R Y R Y
- ~ -

[ON/°N]""301T - uononpay

Curcumin Concentration (uM)

@pH7.4 DpHS DpH3.5





media/file1.jpg
Type I
3pS* + S — PST 4+ St
PS™ +30, — PS + 05
205 +2H* — H,0, + 0,
05" + Hy0, —3 0, + HO" + OH™
Type 11
3ps* + 30, > PS + 10,





media/file7.jpg
o 0 2 i W o 0 B W W
Time (days) Time (days)

pim—— acu

@ Curcuninmicele (ear CMC) @Cre @ Curcumin micele v CMC) @Cuscemin micel (sbove CMC)






media/file10.png
3 |
m
-W o U g] -+ Lag}] ol — (—]
.m. B ottt s s Ssiocs i mm
A e e WM
M -
3 M\\\\& 3

(A)7 7

v - o ~
[N/NI""807] - uononpay 307y





media/file12.png
Unencapsulated curcumin Curcumin in 5465 micelles Curcumin in T80 micelles

1 =90 ps; t12=707 ps T1 =452 ps; t12=1075 ps t1 =310 ps; T2=1069 ps
Tavg = 301 + 59 PS Tavg = 561 £+ 117 PS Tavg = 370 £33 PS






media/file9.jpg
[ a0 oDy 30 @7 aDay0 oDy 30

Log Reducion - Log NSO

[ ———T—





media/file0.png





media/file14.png
b o

@ 7

L -] w
[ON/N

- (s ~ —
|'3071 - wononpay dory

Curcumin micelle

Unencapsulated

(near CMC)

Curcumin

Curcumin micelle S465

Unencapsulated

Curcumin micelle

Unencapsulated

(near CMC)

Curcumin

(near CMC)

Curcumin

@ Irradiated

® Non-Irradiated





media/file8.png
(A) 1.4 - (B) 1.4 7
1 2 i 1 2 7
1.0 = . . 1.0 # . {- +
- ® ° ! ¥ ,
1 '
.08 1 s : os{ ¢ ¢ :
‘@
=
E 0.6 0.6 -
=
J—
0.4 - 04 -
0.2 - 0.2 1 2 . N .
0.0 * T * T . ? 1 0.0 ; r * . * ? )
0 10 20 30 40 0 10 20 30 40
Time (days) Time (days)
¢ Unencapsulated A Curcumin micelle (below CMC) ¢ Unencapsulated A Curcumin micelle (below CMC)

@ Curcumin micelle (near CMC) ®Curcumin micelle (above CMC) @ Curcumin micelle (near CMC) & Curcumin micelle (above CMC)





media/file11.jpg
1069 ps






media/file6.png
40

A)0-35 - 0.35 -
(A) l ; (B)
03 4 § i . 0.3
| n i
i '
~0.25 - 0.25 # 5 ; :
= | !
<
< 0.2 - 0.2 -
>
=
<
< (.15 - 0.15 -
<
@
=
< 0.1 - 0.1 -
A A
0.05 4 0.05 1 } } i
0 . S ; . 0 N S 4 .
0 10 20 30 40 0 10 20 30
Time (days) Time (days)
¢ Unencapsulated Curcumin A Curcumin micelle (below CMC) ¢ Unencapsulated Curcumin A Curcumin micelle (below CMC)

® Curcumin micelle (near CMC) m Curcumin micelle (above CMC) ® Curcumin micelle (near CMC) = Curcumin micelle (above CMC)





media/file15.jpg





media/file17.jpg
z

Log Reduction - Log;,[N/N(t)]

nopuad Coraminmice  Treaso
o ear e,

= Non-Irradiated 8 Irradiated

Log Reduetion - Log,,[N/N(O)]

®Non-Irradiated 0 lrradiated





