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Introduction: Bovine mastitis is a major infectious disease affecting dairy cattle, impacting public health and milk industry profitability. Staphylococcus aureus is a contagious pathogen responsible for causing bovine subclinical mastitis. Its pathogenesis and antimicrobial resistance highlight the need for alternative treatments, being the nanoencapsulation of essential oils (EO) very promising.Methods: Nanostructured lipid carriers (NLCs) containing 5% of Melaleuca armillaris EO were synthesized and characterized. Their physicochemical characteristics, antimicrobial activity against methicillin-resistant and sensitive S. aureus (MRSA and MSSA, respectively), and protective activity against polymorphonuclear cells were evaluated.Results: NLC-EO nanoparticles were morphologically spherical and the mean size was around 190 nm, Polydispersity index (PdI) was 0.21 (±0.01), Z potential was −18.4 (±0.4) and EO encapsulation efficiency was 71.5%. Of this parameters Z potential was the only which changed after 6 months of storage at four°C, turning into a more negative value of −31.6 (±1.9). NLC-EO showed a biphasic behavior with a fast initial release during the first 6 h, followed by a slow phase for at least 72 h. Free and nanoencapsulated EO had a minimum inhibitory concentration (MIC90) of 6.25 μL/mL; however, free EO had a minimum inhibitory concentrations of biofilm formation (MICB90) of 3.12 μL/mL and for EO nanoencapsulated was 6.25 μL/mL. Minimum inhibitory concentrations of biofilm formation and eradication (MECB90) were 12.5 μL/mL and 6.25 μL/mL for the nanoencapsulated EO and free EO, respectively. Empty NLC inhibited biofilm formation, but not planktonic growth or eradicated preformed biofilms.Discussion: The EO was efficiently encapsulated and released from NLC, and its antimicrobial activity against MRSA and MSSA was high. Neutrophil viability was higher when EO was encapsulated, being an important result for future experiments evaluating intracellular EO activity, where Staphylococcus aureus survives and evades poorly penetrating antibiotics activity.Keywords: Melaleuca armillaris, essential oil, nanostructured lipid carriers, Staphylococcus aureus, MSSA, MRSA
1 INTRODUCTION
Mastitis is considered the most relevant disease worldwide in bovine dairy industry due to its health and economic impact. Staphylococcus aureus is one of the main contagious pathogens responsible for causing bovine subclinical mastitis. It can adapt, survive and grow in the skin of the mammary gland and teat lesions, so the main reservoirs are infected udders (Monistero et al., 2018). Poor handling practices in dairy, lack of hygiene in the establishments, animals and staff contribute to the spread of this microorganism. Staphylococcus aureus is important for public health due to its virulence and the potential risk of antimicrobial resistance genetic determinants transferring between animals, humans and the environment (World Health Organization, 2021). Because of this, it has been included in surveillance and monitoring programs of resistance to antimicrobial agents as an emerging zoonotic pathogenic bacterium (OIE, chapter 6.7 of the Terrestrial Animal Health Code). The ability of S. aureus to invade epithelial cells, form biofilms and produce polysaccharides has been known for many years. These phenomena are responsible for its persistence in the udder, hindering the arrival of chemotherapeutics in adequate concentrations and for effective periods (Peyrusson et al., 2020). Bacteria in this state (within the biofilm structure) are more resistant to antibiotics, compared to planktonic bacteria.
The growing threat of antimicrobial resistance has drastically increased therapeutic failure and encourages the exploration of new alternatives to deal with it (World Health Organization, 2020). In the world, approximately 700,000 people die per year due to infections caused by bacteria resistant to multiple antimicrobials, it is estimated that this number will reach around 10 million deaths per year by 2050 (Antimicrobial Resistance Collaborators, 2022). Another important factor is the difficulty to develop new molecules and the high cost that this implies for pharmaceutical industry (Dutescu and Hillier, 2021). Methicillin-resistant S. aureus (MRSA), which was originally restricted to hospitals, has become a significant pathogen in the community, considerably increasing its importance to human and animal health (Vandenesch et al., 2003). Although S. aureus is a common microorganism in bovine mastitis, MRSA is not commonly associated with this pathology (Hendriksen et al., 2008). However, there are reports of its appearance in different parts of the world, including Brazil (Guimarães et al., 2017) and Argentina (Srednika et al., 2019).
Usage of antimicrobials in dry cow therapy is an important part of mastitis control programs, being effective in reducing the prevalence of intramammary infections and increasing milk production in subsequent lactation (Bradley and Green, 2004). However, despite being a good strategy in the dairy, the antimicrobial-based treatments used in drying are becoming increasingly ineffective due to growing bacterial resistance, making it important to have a bacteriological diagnosis and to know the sensitivity profile of the pathogenic microorganism involved (Rajala-Schultz et al., 2021). Nanotechnology and phytotherapy are fields in active growth, generating innovative products with promising results. The production of nanoparticles containing phototherapeutic products become strong candidates for the future treatment of mastitis caused by Staphylococcus spp. providing sustainability in its production, safety and quality in the product (Falcão et al., 2018).
Plant essential oils (EOs) are complex mixtures of secondary metabolites that have antimicrobial activity on their own and together with antibiotics can have synergistic effects (Yap et al., 2014). The different compounds present in plant extracts make it difficult for bacteria to develop simultaneous resistance mechanisms against each of them (Begun et al., 2005; Sifri et al., 2006). Melaleuca armillaris is a widely cultivated plant of the genus Melaleuca, whose EO is rich in 1,8-cineole (Buldain et al., 2021; Chabir et al., 2011). Inhibitory activity was found, in vitro, against several bacterial species, including S. aureus (Amri et al., 2012; Buldain et al., 2021).
The yield obtained from this plant species by our group (1.22%) (Buldain et al., 2018) and the fast regeneration of its biomass after harvest make its exploitation economically viable and sustainable with good management. To this we must add the high density of plants that can be cultivated per hectare, a very similar species of Melaleuca (Melaleuca alternifolia), is cultivated industrially with densities of 30,000 plants/Ha (Davis, 2003), so the amount of EO obtained is very important.
Another interesting approach to address the problem of intracellular persistence of S. aureus and antimicrobial resistance associated with subclinical and recurrent bovine mastitis infections is the development of nanostructures for drug delivery. Nanoparticles penetrate the cell membrane and subcellular organelles, reach the biophase where the pathogenic microorganism is located, remain intracellular for long periods, and are released from their cargo through membrane pores (Zhou et al., 2018). In this way, pharmacological activity is enhanced by a uniform dosage of the active agent, its bioavailability is improved, it allows for localization at the infected site, and decreases treatment time and side effects (Garg et al., 2015). Solid lipid nanoparticles (SLN) matrices present interesting characteristics from the biological point of view such as cytocompatibility, biodegradability and stability. This type of nanoparticles is a great option for encapsulating hydrophobic compounds such as EO compared to other emulsion systems (Shidhaye et al., 2008; Rodenak-Kladniew et al., 2023; Menossi et al., 2024). Nanostructured lipid carriers (NLC) present improvements in the physicochemical properties of SLN, including greater drug storage stability and encapsulation efficiency, as well as better control of the drug release kinetic profile (Islan et al., 2017). NLC has other interesting properties for biological applications like the absence of organic solvents in the synthesis and suitability for scaling-up production (Ribeiro et al., 2017). For all this, the encapsulation of EOs in nanoparticles is extremely promising for improving the efficacy of antimicrobial therapy, since they favor their stability, facilitate handling, improve their safety by reducing toxic side effects that may occur, allow a controlled release, improve the water solubility of hydrophobic compounds, improve bioavailability and therefore increase efficacy (Bilia et al., 2014).
This study aimed to evaluate the antimicrobial activity of M. armillaris EO free and nanoencapsulated in NLC against MSSA and MRSA grown in biofilms and planktonic cultures, and the evaluation of its cytotoxicity on polymorphonuclear leukocytes (PMNs).
2 MATERIALS AND METHODS
2.1 NLC loaded with Melaleuca armillaris EO preparation
Nanostructured lipid carriers (NLC) containing M. armillaris EO were prepared by ultrasonication. Briefly, 400 mg of myristyl myristate (lipid) was melted in a 60°C–70°C water bath and mixed with 500 μL of EO and 50 μL of coda oil. After 10 min, a hot aqueous solution (10 mL) with 3.0% (w/v) of Pluronic® F68 (PF-68) was added to the lipid phase. The mixture was immediately sonicated for 10 min (70% amplitude) using an ultrasonic processor equipped with a 6 mm titanium tip. The dispersion was then cooled to room temperature and stored at 4°C. Additionally, empty nanoparticles were prepared in the same way, but without the addition of EO. The final NLC concentration, referenced based on lipid content, was 40 mg lipid/mL (Medina-Montano et al., 2022). In the case of the NLC-EO, the lipid content was the same, containing 50 μL/mL of EO. The EO of M. armillaris used was obtained previously by steam distillation and characterized by GC-MS-FID (Buldain et al., 2021), and stored protected from light at −20°C.
2.2 Measurement of loading efficiency
The final volume of the NLC-EO suspension was determined after its synthesis, and the concentration of free EO was measured analytically. The EO was quantified by UV–VIS spectrophotometry (λmax = 230 nm) using a microplate reader (Eon Biomek, United States). The EO calibration curve was performed in concentrations between 0.04 and 10.00 μL/mL dissolved in ethanol.
An ultrafiltration centrifugal device (MWCO = 10,000 Da, Microcon, Millipore, Ma., United States) was filled with 500 µL of NLC-EO preparation, and the nanoparticles were separated by centrifugation at 10,000 rpm for 10 min. The filtrate solution was diluted ten-fold in ethanol and the nonencapsulated EO was measured by UV spectrophotometer. The encapsulation efficiency (EE) was calculated according to the following Equation 1:
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where Q0 is the initial amount of EO added into the lipid phase, Cf is the EO concentration in the filtered solution, and V is the final volume of the NLC-EO (Rodenak-Kladniew et al., 2023).
2.3 Characterization of Melaleuca armillaris EO-loaded NLC by size, polydispersity index (PdI) and zeta potential
Dynamic Light Scattering (DLS) method using a Nano ZS Zetasizer Instrument (Malvern Instruments Corp., United Kingdom) was applied to evaluate the mean size, Z potential and the polydispersity index (PdI) of NLC and NLC-EO at 25°C as was previously reported (Rodenak-Kladniew et al., 2023). Briefly, NLC and NLC-EO samples were diluted in Milli-Q water at a 1:10 ratio and analyzed in polystyrene cuvettes with a 10 mm path length at 25°C and pH 7.0 for size and PdI measurements. The Zeta potential was determined in capillary cells, also with a 10 mm path length.
2.4 Transmission electron microscopy (TEM)
TEM images of NLC-EO were obtained in a Jeol-1200 EX II-TEM microscope (Jeol, MA, United States) following a previous stablish protocol from our laboratory (Rodenak-Kladniew et al., 2017). The samples were tenfold diluted with ultrapure water and deposited on a collodion-coated Cu grid (400 mesh) in presence of Phosphotungstic acid as contrast enhancer.
2.5 Physical stability
Mean particle size, Z potential, PdI and EE of freshly prepared nanoparticle dispersion, and after 6 months storage at 4°C and protected from light, were measured.
2.6 Release studies
The evaluation of EO was released using a dialysis membrane (MWCO 10 kDa, Spectra Pore, United States). The dialysis membrane was placed in a tube with distilled water for 24 h and then filled with 3.0 mL of each formulation (EO loaded NLC, EO dissolved in ethanol and EO in PBS) followed by incubation in 10 mL of 10 mM phosphate buffer (pH 7.4) at 37°C and constant stirring of 150 rpm (Rodenak-Kladniew et al., 2017). At different times (0.5, 1, 2, 3, 4, 5, 6, 24, 26, 48, 72 h), samples of 200 µL were withdrawn, and EO concentration was measured at 230 nm using a UV–VIS spectrophotometer (Eon Biotek, United States). The EO calibration curve was performed in concentrations between 0.02 and 6.25 μL/mL in PBS.
2.7 Antimicrobial activity of free and nanoencapsulated EO
Antimicrobial activities of the EO, NLC-EO and empty NLC were evaluated against six wild type S. aureus isolates (three MRSA and three MSSA) and a reference strain (S. aureus ATCC 29213).
The Minimum Inhibitory Concentration (MIC) of EO, NLC (empty) and NLC-EO was evaluated by microdilution method. The range of EO concentrations tested (half serial dilution) was 12.5–0.02 μL/mL. Each well was inoculated with a final bacterial concentration of 5 × 105 CFU/mL and the microplates were incubated at 35°C for 18–24 h. The MIC90 was established by adding the vital dye resazurin and considering the lowest concentration that inhibits bacterial growth. Each determination was performed in triplicate. The MBC90 was determined as was previously described (Buldain et al., 2021).
2.8 Antibiofilm activity of free and encapsulated Melaleuca armillaris EO
The evaluation of the antibiofilm activity of EO, NLC and NLC-EO was carried out, establishing the ability to inhibit the biofilms formation of planktonic microorganism, as well as their effectiveness in eradicating previously formed biofilms. Formerly to antibiofilm activity determinations, the ability of the MRSA and MSSA isolates to form biofilm was determined. Isolates were cultured in trypticase soy broth (TSB) supplemented with 1% (w/v) glucose for 24 h at 37°C. Subsequently, the inoculums were adjusted to a concentration of 5 × 105 CFU/mL from a 0.5 McFarland scale bacterial suspension (1 × 108 CFU/mL) in TSB supplemented with 1% (w/v) glucose. 200 μL of diluted culture broth were inoculated into flat-bottomed 96-well microtiter plates and incubated at 37°C for 24 h under static conditions. After incubation, the contents of the wells were discarded, washed with distilled water and dried for 30 min in an oven at 60°C. Then, 125 µL of 0.1% w/v crystal violet solution were added to each well and then incubated for 10 min at room temperature. The plate was emptied, washed twice with water to remove excess crystal violet. Finally, to elute the dye incorporated by the cells, 200 µL of 96° ethanol were added for 15 min. The content of each well was transferred to another microplate to determine the absorbance by spectrophotometry at 595 nm. Biofilm formation capacity was compared with the control. The OD cut-off value (ODc) is defined as the mean value of the negative controls plus 3 standard deviations. The strains were classified as non-producers of biofilm (OD ≤ ODc); weak (ODc < OD ≤ 2x ODc); moderate (2x ODc < OD < 4x ODc) and strong biofilm producers (4x ODc < OD).
2.8.1 Inhibition of biofilm formation and eradication of preformed biofilms
The ability to inhibit the formation of biofilms of free EO, NLC (empty) and NLC-EO was evaluated. 96-well flat-bottom microplates were loaded with TSB broth with 1% w/v glucose, with bacterial inoculum (5 × 105 CFU/mL) and the corresponding dilution of empty and EO-loaded NLC; they were incubated statically at 37°C for 24 h. Subsequently, the culture medium was removed, and each well was washed with PBS to remove planktonic cells. The biofilm formed was stained with 0.1% w/v crystal violet and solubilized with 96% ethanol to measure its absorbance at 595 nm. Untreated positive controls (bacterial inoculum and TSB culture medium with 1% w/v glucose) were used. The inhibition percentage for each treatment was calculated by the Equation 2:
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The MBIC90 was defined as the minimum concentration that produces ≥90% inhibition of biofilm formation, concerning to untreated controls in 90% of the isolates (Provenzani et al., 2021).
The antibiofilm effect of free and encapsulated M. armillaris EO in NLC was also determined by eradication analyses in preformed biofilms by assessing the Minimum Eradication Concentration of Biofilm (MECB90), defined as the minimum concentration that prevents visible growth after exposing a biofilm to an antimicrobial. Briefly, biofilm formation was carried out as above and washed with sterile PBS. Subsequently, the free and encapsulated EO dilutions (prepared in TSB with 1% w/v glucose) were added in concentrations corresponding to 0.25, 0.5, 1, two and 4xMIC of the nanoparticles loaded with EO and 0.5, 1, 2, four and 8xMIC of free EO. Wells loaded only with TSB supplemented with 1% (w/v) glucose were used as negative control, and biofilms performed with TSB with 1% w/v glucose were used as positive control. A control for empty nanoparticles was also added. After incubation at 37°C for 24 h under static conditions, the inhibitory effect with resazurin, crystal violet staining and CFU counts were measured. Each experiment was performed in quadruplicate.
2.9 Cytotoxicity of EO free and encapsulated
PMNs were isolated from the blood of healthy bovines that did not receive any antibiotic treatment along the last 3 months before the trial. The protocol was approved by the Institutional Committee for the Control and Use of Animal Laboratories of the Faculty of Veterinary Sciences, UNLP (47.3.15J). The isolated PMNs were resuspended in RPMI 1640 medium in a concentration of 5 × 106 cells/mL. Briefly, 3 mL of histopaque 1077 were placed in a sterile glass conical tube, then 3 mL of heparinized whole bovine blood were added, without mixing the blood with the reagent. They were centrifuged at 400 g for 30 min, so the cells of the granulocytic series are located between the histopaque 1077 and the red blood cells (located at the bottom of the tube), while the lymphocytes, other mononuclear cells and platelets are in the bottom of the tube. The upper layers were gently extracted with a sterile Pasteur pipette and then transferred to another conical glass tube to resuspend it in 5 volumes of sterile PBS pH 7.4. It was centrifuged for 15 min at 400 g, the supernatant was discarded, and the pellet was resuspended in 10 mL of ammonium chloride (0.85%), shaking slowly for 10 min to lyse the erythrocytes. Then, it was centrifuged at 400 g for 15 min, the supernatant was extracted, and the pellet was resuspended in 6 mL of PBS. Then, it was centrifuged again at 400 g for 10 min, and after discarding the supernatant, it was resuspended in 4 mL of RPMI 1640 medium.
Once the cells were isolated, the cell count was carried out and the viability of the PMNs was evaluated using a Neubauer chamber. The isolated cells were cultured in an oven at 37°C in microaerophilic, corroborating viability every 2 h along 6 h. For this, 2 mL of cell suspension (in RPMI 1640) were placed in 6-well plates at a concentration of 5 × 105 PMNs/mL.
Subsequently, cells were exposed to free EO and NLC-EO in different concentrations (empty nanoparticles were used as control). To achieve the dissolution of the free EO, 2.5% v/v of DMSO was added to the culture medium. In the case of nanoparticles, it was not necessary to add DMSO for solubilization. The EO concentrations evaluated were in the range of 10–0.05 μL/mL. Cell viability was evaluated at 0, 2, 4, and 6 h with vital exclusion technique, described above. For this, at each sampling time, a 10 μL aliquot was placed in the Neubauer chamber together with the trypan blue. In addition to evaluating the free and encapsulated EO, a positive control containing PMNs dissolved in RPMI 1640; and a control with the addition of DMSO 2.5% v/v for the case of EO alone.
2.10 Statistical analysis
The data obtained for inhibitory percentage of biofilm formation and eradication were graphed including ±SD grouping all isolates evaluated and analyzed by a Non-parametric ANOVA Kruskal–Wallis test with post hoc Bonferroni analysis was performed comparing the effect of the EO free and nanoencapsulated and the empty nanoparticles. Results of statistical analyses with a significance level of p < 0.05 were considered significant. Nanoparticles characteristics, release data and cytotoxicity results are shown as mean ± SD.
3 RESULTS
3.1 Nanoparticles characterization and release
The nanoparticles size, Z potential and PdI results are presented in Table 1. Stables NLC were obtained with a narrow size distribution around 180 nm. Through direct observation, no phase separation or precipitation was observed, even after 6 months storage at 4°C. We found that the size of NLC-EO was slightly higher than empty NLC and did not change after the storage. However, the PdI had a very small decrease because of storage and for the Z potential we found an important increased in the value (in module) due the EO encapsulation.
TABLE 1 | NLC formulations: Melaleuca armillaris EO encapsulation efficiency (EE) and Dynamic Light Scattering (DLS) results. A comparison in the properties of fresh and 6 month storaged (4°C) NLC was performed.
[image: Table 1]TEM image was obtained to confirm the presence of nanoparticles (Figure 1). Spherical NLC were observed in a narrow size distribution. Accordingly, to DLS measurements, the mean size of NLC-EO were around 200 nm.
[image: Figure 1]FIGURE 1 | Transmission electron microscopy (TEM) image of NLC-EO.
The EO was efficiently encapsulated at 71.5% ± 5.2% and after 6-month storage did not show significant changes (p˃0.05) with a value of 68.3% ± 4.1% (Table 1). The evaluation of the EO release profile from NLC formulations in PBS buffer at 37°C is shown in Figure 2. The release profile showed a biphasic behavior, with a burst release along the first 6 h, followed by a lower release rate remaining for 72 h (Figure 2). A similar behavior was observed with the EO solubilized in EtOH suggesting an increased solubility of the EO due to vehiculation. On the other hand, the EO incorporated into PBS in the dialysis device did not diffuse through the membrane more than a minimal amount.
[image: Figure 2]FIGURE 2 | Release profile of the EO from NLC, EO dissolved in PBS and EO dissolved in ethanol (expressed as the fraction of EO released as a function of time). The experimental values are the mean ± SD, n = 3.
3.2 Evaluation of antimicrobial activity of free and nanoencapsulated EO
The pharmacodynamics parameters obtained for planktonic and biofilm cultures are listed in Table 2. The free and nanoencapsulated EO presented a MIC90 and MBC90 of 6.25 μL/mL (this concentration corresponds to 5 mg lipid/mL) against all the isolates evaluated, while empty NLC had no antimicrobial activity on planktonic cultures in the whole range of concentrations (10–0.019 mg lipid/mL). All isolates had a MICB90 of 3.1 μL/mL for the free EO, while this parameter for the NLC-EO was 6.25 μL/mL. The empty nanoparticles (NLC) used as control had an inhibitory effect on biofilm formation also diluting the NLC formulation 128-fold (0.31 mg lipid/mL), but not on bacterial growth inhibition or biofilm eradication even at high concentrations (10 mg lipid/mL). No differences in the inhibition of biofilm formation were observed for EO and NLC-EO in EO concentrations of 1.5, 3.1 and 6.2 μL/mL (p˃0.05) and NLC in the same concentrations contained in NLC-EO (Supplementary Figure S1). Only in a concentration of 0.3 μL/mL the biofilm formation inhibition for EO was higher compared to NLC-EO (0.31 mg lipid/mL) and NLC (0.31 mg lipid/mL) treatments (p < 0.05).
TABLE 2 | Antimicrobial activity of free and encapsulated Melaleuca armillaris EO. MIC90, MBC90, MICB90 and MECB90, are expressed in μL/mL. NA: not active.
[image: Table 2]On the other hand, free and encapsulated EO demonstrated efficacy for eradicating mature biofilms (Table 2), evaluated by bacterial count and viability with resazurin. In contrast, empty NLCs were inactive in eradicating biofilms. Figure 3 shows the eradication evaluated with violet crystal stain, representing the biofilm mass eradicated independently of its viability. EO and NLC-EO produced high biofilm eradication without significant differences because of the encapsulation (p < 0.05) at concentrations of 6.2, 12.5 and 25 μL/mL. In concentrations of 1.5 and 3.1 μL/mL, eradication by NLC-EO was lower than for free EO but significantly higher than for NLC (p < 0.05).
[image: Figure 3]FIGURE 3 | Eradication percentage of biofilm by the action of different concentrations of EO encapsulated in NLC and free EO compared to the untreated control (NLC empty). Error bars represent the standard deviation of all strains evaluated in quadruplicate experiments. The asterisks indicate significant differences (*p < 0.05). The concentration of lipid (mg lipid/mL) is the same in each dilution comparing NLC and NLC-EO, therefore the difference between both is the presence or absence of EO.
3.3 Evaluation of cytotoxicity of free and nanoencapsulated EO
The survival percentage of PMNs relative to the corresponding positive controls was plotted (Figure 4). Free EO was immediately cytotoxic for PMNs at all concentrations tested. Only a concentration of 0.05 μL/mL of EO allowed for maintaining viable PMNs after 6 h, but with a 90% decrease concerning the initial cell count (Figure 4). Encapsulation considerably decreased the cytotoxicity of EO, especially for NLC-EO, concentrations of 0.05 and 0.1 μL/mL of EO did not present significative differences with the NLC (considering the same amount of lipid, 0.04 and 0.08 mg lipid/mL, respectively) (p < 0.05). In higher concentrations NLC-EO was more cytotoxic on PMNs but significantly lower than free EO (p < 0.05).
[image: Figure 4]FIGURE 4 | Percentage of survival of polymorphonuclear leukocytes (PMNs) exposed to Melaleuca armillaris EO (EO), EO-containing NLC (NLC-EO) and empty NLC. Error bars represent standard deviation of all strains evaluated in quadruplicate experiments. The asterisks indicate significant differences (*p < 0.05). The concentration of lipid (mg lipid/mL) is the same in each dilution comparing NLC and NLC-EO, therefore the difference between both is the presence or absence of EO.
4 DISCUSSION
4.1 Characterization of NLC, encapsulation and release
According to the literature, nanoparticles with a mean size of less than 200 nm and a Polydispersity index (PdI) of less than 0.3 could be considered as optimal and stable formulations for biological purposes (Rahman et al., 2013; Izham et al., 2019). It was established that good colloidal suspension quality is represented by a PdI value range from 0 to 1, with lower values as indicative of homogeneity (Anton et al., 2007). Another important parameter to evaluate the characteristics of a nanoparticulate system is the Z potential, which provides insights of electrostatic repulsive forces present between nanoparticles that could affect the stability of the suspension. It has been established that this value must be in the order of 30 mV (in module) for preventing the nanoparticles from aggregation and precipitation but without cytotoxic effects (Thatipamula et al., 2011). However, in different publications, it has been shown that colloidal systems such as SLN and NLC are closer to neutrality, being stable even at low values of Z potential (Thatipamula et al., 2011; Izham et al., 2021). Nevertheless, in the case of non-ionic surfactants, the stabilization is produced by steric groups, which contribute to avoiding agglomeration of the nanoparticles (Lee et al., 2007; Honary and Zahir, 2013).
In our study, all the NLC, whether empty or loaded, exhibited low PdI values (see Table 1), indicating a uniform size distribution. It is complicated to compare parameters like size with other studies due to variations in components and synthesis techniques used for NLC production, which affect particle size (Mitrea et al., 2014). Empty NLC exhibited similar values of PdI, size, and Z potential even after 6 months of storage at 4°C. The NLC loaded with the EO presented similar size (185.1–189.5 nm) and PdI (0.18–0.21) after the same period of storage, but the Z potential shifted to more negative values. The addition of EO, which is a liquid oil, in the synthesis of nanoparticles could contribute to the efficiency of NLC structuring. Putranti et al. (2017) reported that higher concentrations of liquid lipids were associated with higher Z potential modulus values. This was observed by achieving higher stability of solid lipid nanoparticles containing terpenes (Rodenak-Kladniew et al., 2023). Over time the terpenes may accommodate themselves into the structure of the nanoparticles, stabilizing it and producing a nanostructuration of the matrix to a less crystalline architecture. Furthermore, it has been reported that higher concentrations of Q10 in ultra-small NLCs were associated with higher absolute Z potential values. According to the authors, this was related to the accumulation of the active ingredient on the surface of the particles rather than in their cores. The accumulation of neutral molecules on the surface of nanoparticles may affect the accumulation of counterions in the Stern layer, resulting in a higher Z potential (Keck et al., 2014). The colloidal suspension did not undergo phase separation or nanoparticle precipitation after the storage and the EO also remained efficiently encapsulated at around 70%. The unencapsulated EO did not affect the nanoparticles stability and probably remained in solution forming micelles with surfactant (Rodenak-Kladniew et al., 2017), keeping the one phase solution obtained initially.
The evaluation of the release profile demonstrated a fast initial EO release from NLC, which may be attributed to the presence of non-encapsulated EO, probably incorporated in surfactant micelles (Rodenak-Kladniew et al., 2017). Additionally, that effect could be also related to the EO superficially incorporated in NLCs. EOs are liquid lipids, could produce imperfect crystalline structure on nanoparticles, favoring the movement of the cargo molecules land improving the diffusion of the EO to the nanoparticle outside (Fang et al., 2013). Rodenak-Kladniew et al. (2017) synthesized SLN loaded with terpenes such as linalool, which exhibited a biphasic release behavior like what we observed, with a rapid initial release in the first 6 h, followed by a slow release continuing until 72 h. Something similar was observed for SLN encapsulating Clinopodium nepeta EO (Rodenak-Kladniew et al., 2023). We also observed a similar behavior when EO was solubilized in ethanol, possibly due to its solubility in PBS facilitated by miscibility in ethanol.
4.2 Antimicrobial activity of NLC nanoparticles loaded with EO from Melaleuca armillaris
Melaleuca armillaris EO exhibited strong antimicrobial activity against S. aureus, as previously reported in other publications (Amri et al., 2012; Ballarre et al., 2022; Buldain et al., 2018; 2020; 2022). Our study also confirmed anti-staphylococcal activity, including MRSA strongly biofilm producers.
The high content of 1,8 cineole may contribute to the antibacterial activity of M. armillaris EO. The permeabilization of membranes in microorganisms such as S. aureus has been attributed as an antimicrobial mechanism due to its great hydrophobicity (Carson et al., 2006; Oliveira et al., 2015; Rueda et al., 2012 found an important activity of this species against S. aureus ATCC 29213 (MIC of 12.4 μg/mL), in which its composition had a high content of 1,8 cineole (82.27%). Also, we found that the MBC90/MIC90 ratio was between 1 and 4, characteristic of bactericides (Pankey and Sabath, 2004), independently of pH. The specific mechanism of action of M. armillaris EO against S. aureus has not yet been investigated. Hayouni et al. (2008) studied the antimicrobial activity of this species against Lactobacillus. As 1,8 cineole was the main component found (68.92%), the authors hypothesized that this compound could destabilize the cytoplasmic membrane of these bacteria, as demonstrated by Li et al. (2014). Hayouni et al. (2008) also implicated the minor components found (α-pinene, terpinene-4-ol, and α-terpinene, among others) as responsible for the antimicrobial action. According to these authors, these molecules interact with the cell membrane, dissolving in the phospholipid bilayer and destabilizing it, increasing fluidity and therefore, passive permeability.
The M. armillaris EO was also active against biofilms produced by S. aureus, favoring both the eradication of preformed biofilms and the inhibition of biofilm formation. Antibiotic treatment of bacterial infections with biofilm development is often ineffective, making it difficult to eradicate such infections, leading to persistent and recurrent infections. This is a serious problem in the control of intramammary infections in cattle (Pedersen et al., 2021). The biofilm eradication test evaluates the effectiveness of a treatment in removing an established biofilm, while the inhibition of biofilm formation test assesses the ability of a treatment to prevent biofilm development from the outset. Both approaches are important because of S. aureus can live in the milk within the mammary gland, and it can also form biofilms turning difficulty the treatment (Vargová et al., 2023). The antibiofilm activity of EOs is widely reported, but not for M. armillaris EO. It is expected that the antimicrobial resistance of S. aureus will increase because of the formation of biofilms with respect to suspension cultures (Vázquez-Sánchez et al., 2015). In our work the MBC90 was 6.25 μL/mL, similar to the MECB90.1,8 Cineole has been reported as an inhibitor of the transcription of genes involved into the formation of S. aureus biofilms (Schürmann et al., 2019).
According to literature, this is the first report of encapsulation of M. armillaris EO into nanoparticles like NLC. Antimicrobial activity against Escherichia coli and S. aureus of M. armillaris EO encapsulated in another drug delivery system such as Bioactive Glass Nanoparticles (BGNs) has been reported (Ballarre et al., 2022; Buldain et al., 2024). Mesoporous glass nanoparticles can offer controlled and sustained release of EOs due to their porosity and modifiable surface. However, lipid carriers can improve the solubility and stability of EOs, facilitating their absorption in biological applications. These systems consist of a mixture of lipid and solid phases that create a disordered liquid lipid matrix, allowing for the incorporation of active substances (Viegas et al., 2023). Lipid systems tend to be more biocompatible and less toxic, which is crucial for healthcare applications. The primary use of BGNs is in the treatment of hard tissues, owing to their inorganic composition and mechanical strength. These properties make them similar to calcified tissues, such as bone, which is typical of bioactive ceramics and glasses (Hooshmand et al., 2021). Mesoporous glass nanoparticles with M. armillaris essential oil have demonstrated great antimicrobial capacity for coating titanium implants, contributing to bone regeneration (Buldain et al., 2024).
In this work, we found that MIC90 of the EO encapsulated in the NLC nanoparticles was the same as that obtained when using the free EO, so the encapsulation does not impair its antimicrobial activity in a suspension culture against S. aureus. Saporito et al., 2017 obtained a similar effect when encapsulating EO from Eucalyptus globulus. Empty NLCs were able to prevent the formation of S. aureus biofilms although they did not have antimicrobial activity on bacteria in suspension or in the eradication of preformed biofilms. One of the components used in the synthesis of NLCs in this study was Pluronic F-68. Bridgett et al. (1992) observed that PF-68 had a strong capacity to inhibit the adhesion and formation of Staphylococcus epidermidis biofilms, while the bacteria remained viable during treatments. This finding may be related to our results, where NLCs did not inhibit the growth of S. aureus but did affect the inhibition of biofilm formation. On the other hand, EO-loaded NLCs turned out to have significant activity both against S. aureus in suspension and in the formation and eradication of biofilms, even for MRSA strains. Therefore, the antimicrobial activity of free and encapsulated EO was similar for planktonic cultures, the difference is observed against biofilm already formed (MICB90 and MECB90 of free EO are slightly lower). This may be because biofilms are structures with higher resistance to antimicrobial action, and the proportion of free EO when working with NLC-EO is a little lower, as can be seen in the figure of the release curve. Furthermore, in microbiological tests, free EO is added directly to the culture medium using Tween 80 to promote its dissolution; therefore, it does not have to cross a physical barrier such as in the dialysis utilizing a diffusion process into an aqueous medium. In this way, the bacteria are in contact with all the EO from the beginning of the assay.
4.3 Cytotoxicity of free and nanoencapsulated Melaleuca armillaris EO
The determination of the intracellular activity of the M. armillaris EO against PMNs has not yet been reported in the literature. The EO turned out to be cytotoxic in a wide range of concentrations (10–0.05 μL/mL). Caldefie-Chézet et al. (2006) found that PMNs, isolated from humans, exposed to 1% M. alternifolia EO lost 50% of their viability after 2 h, while there was no loss of viability at 0.1% EO concentrations, therefore least for 2 hours. On the other hand, using peripheral human mononuclear cells against 0.1% of EO, viability drops to 20% at 30 min and to zero at 3 h, but viability is maintained even for 24 h against a concentration of 0.01%. In another study, Tullio et al. (2012), evaluated the intracellular activity of Thymus vulgaris EO against Candida albicans internalized in human PMNs. The concentrations of EO used were 0.25% and 0.5%, reporting intracellular activity against C. albicans, however, the authors do not mention carrying out viability tests because of EO on PMNs. The reduction in the count of microorganisms could be the result of intracellular killing by the antimicrobial, lysis of the phagocytic cells with the release and subsequent destruction of the microorganisms by the extracellular antimicrobial, elimination of microorganisms by residual antimicrobial after rupture of the cells by sonication at the end of the experiment and the stimulation of the intracellular destruction mechanisms by the action of the antimicrobial (Easmon, 1979). In another work carried out by Tullio et al. (2019) the toxicity of M. alternifolia EO and “Mentha de Pancalieri” on PMNs was evaluated, finding that viability drastically decreased with 0.25% of EOs 30 min after being exposed.
A possible solution to this problem of toxicity of EOs on PMNs is nanoencapsulation as a “delivery” of molecules to the intracellular medium. The nanoparticles penetrate the cell membrane and subcellular organelles, depositing themselves in the infected site, remaining intracellular for a long time and releasing their cargo through the pores that appeared in the nanoparticle membranes (Zhou et al., 2018). There are nanomaterials capable of incorporating one or more molecules without influencing their charge and thus increasing their pharmacological activity. They allow a uniform dosage of the drug, increase its bioavailability, localize it in the infected site, reducing treatment time and side effects (Garg et al., 2015). In this work we managed to reduce the cytotoxicity of EO for PMN cells by incorporating them into NLC nanoparticles. These empty nanoparticles maintained 90% viability compared to the untreated control. In the case of NLC-EO, survival was 70% at the lowest concentration evaluated (0.05 μL/mL) and 30% at the highest concentration evaluated (10 μL/mL). The effect of NLC nanoparticles on the viability of PMN cells has not been reported before. The encapsulation in NLC of EO decreased the amount of this in contact with the eucaryotic cells favoring greater PMN viability. Additionally, Pluronic F-68, which has been reported as a protector of eukaryotic cells (Palomares et al., 2000), may be contributing to the decreased cytotoxicity observed for neutrophils in this study against EO. This effect is likely enhanced by the encapsulation, which reduces the EO concentration to which the cells are exposed. The effects of Pluronic on eukaryotic cell cultures are consistent with a mechanism in which the polymer forms a protective layer on the cell membrane, significantly reducing its hydrophobicity (Tharmalingam et al., 2008).
It is crucial to keep viable PMNs in the mammary gland to fight infections, as they play a vital role in the immune system (Srithanasuwan et al., 2023). Therefore, it is very useful to have antimicrobial formulations that are not only capable of inhibiting S. aureus (growing in suspension and biofilms) in the udder, but also allow the viability of immune cells to be maintained.
5 CONCLUSION
Our results indicate that M. armillaris essential oil (EO) exhibits strong antimicrobial activity against biofilm-forming MRSA and MSSA strains. Nanostructured lipid carriers (NLCs) show great potential as nanocarriers for hydrophobic compounds like EOs, enhancing their stability and bioavailability. Encapsulating this EO in NLCs not only preserves its antimicrobial activity but also reduces the mortality of polymorphonuclear neutrophils (PMNs) caused by the plant extract. This is crucial for future experiments evaluating the intracellular activity of EO in PMNs, where S. aureus can survive and evade poorly penetrating antibiotics. Additionally, the potential to administer this in an intramammary (IMM) form in the future suggests it will not adversely affect the animal’s immune system.
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