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Cinnamaldehyde nanoemulsion decorated with rhamnolipid for inhibition of methicillin-resistant Staphylococcus aureus biofilm formation: in vitro and in vivo assessment
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Background: Staphylococcus aureus (S. aureus) biofilm associated infections are prevalent and persistent, posing a serious threat to human health and causing significant economic losses in animal husbandry. Nanoemulsions demonstrate significant potential in the treatment of bacterial biofilm associated infections due to their unique physical, chemical and biological properties. In this study, a novel cinnamaldehyde nanoemulsion with the ability to penetrate biofilm structures and eliminate biofilms was developed.

Methods: The formulation of cinnamaldehyde nanoemulsion (Cin-NE) combined with rhamnolipid (RHL) was developed by self-assembly, and the efficacies of this formulation in inhibiting S. aureus biofilm associated infections were assessed through in vitro assays and in vivo experiments by a mouse skin wound healing model.

Results: The particle size of the selected Cin-NE formulation was 13.66 ± 0.08 nm, and the Cin-RHL-NE formulation was 20.45 ± 0.25 nm. The selected Cin-RHL-NE formulation was stable at 4, 25, and 37°C. Furthermore, the Minimum Inhibitory Concentration (MIC) value of Cin-RHL-NE against MRSA was two-fold lower than drug solution. Confocal laser scanning microscopy (CLSM) revealed the superior efficacy of Cin-RHL-NE in eradicating MRSA biofilms while maintaining the Cin’s inherent functional properties. The efficacy of Cin-RHL-NE in the mouse skin wound healing model was superior to other formulation.

Conclusion: These findings highlight the potential of the formulation Cin-RHL-NE for eradicating biofilms, and effective in treating notoriously persistent bacterial infections. The Cin-RHL-NE can used as a dosage form of Cin application to bacterial biofilm associated infections.
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1 Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is frequently encountered in healthcare facilities and communities on a global scale, presenting a significant threat to public health (Chambers and Deleo, 2009; DeLeo et al., 2010). Bacterial biofilms serve as a sophisticated defense mechanism, offering bacteria protection from antimicrobials and the host immune system through their phenotypic resistance. In the treatment of MRSA infections, dealing with biofilms presents a particularly formidable challenge (Nelson, 2003). The sustained emergence and rapid spread of MRSA biofilm-associated infections, coupled with the lack of new antibiotics and the ability of drugs to penetrate biofilm structures to eradicate them, the urgent need for novel antimicrobial agents and innovative therapeutic strategies (Jamal et al., 2018). In response to this crisis, numerous nations and territories have implemented prohibitions on the utilization of antibiotics as supplements in animal feed, encouraging the exploration and development of alternative molecules, particularly those sourced from natural origins (Singhai et al., 2012). In this context, natural products could play a crucial role due to their antimicrobial and anti-biofilms effects (Cruz et al., 2018). For example, certain essential oils have been shown to effectively inhibiting biofilms formed by Pseudomonas aeruginosa, Pseudomonas putida, and S. aureus (Kavanaugh and Ribbeck, 2012).

Cinnamaldehyde (Cin), a naturally occurring hydrophobic aromatic aldehyde that is abundantly present in Cinnamomum plants, particularly in C. cassia (L.) D. Don., is widely used in food and animal husbandry industries. Numerous pharmacological studies have demonstrated that Cin is a broad-spectrum antimicrobial and anti-biofilms agent with significant effects against strains of S. aureus, Escherichia coli, Salmonella spp., Pseudomonas aeruginosa and Bacillus spp. (Chalchat and Valade, 2000). Cinnamaldehyde has also been shown to be effective against biofilms formed by both Gram-positive and Gram-negative bacteria, such as Pseudomonas aeruginosa and Staphylococcus aureus (Topa et al., 2018; Zhang et al., 2014). However, the clinical application of Cin is limited due to its unique physicochemical property (instability, water insoluble, high volatility, and irritating odor) and lack of biofilm targeting.

Various carrier systems, including liposomes, nanoparticles, and nanoemulsions (NEs) (Chen et al., 2022; Feng et al., 2023; Qin et al., 2024), have been developed to effectively enhance the solubility, dissolution rate, and bioavailability of these components. Gene editing technologies for biofilm eradication are also available, such as CRISPRi, a technology to inhibit a specific gene in drug-resistant bacteria, which affects bacterial adhesion and biofilm formation (Zuberi et al., 2017a; Zuberi et al., 2022; Zuberi et al., 2017b). However, these methods have specific sequence requirements, are technically complex, and carry a risk of off-target effects (Zuberi et al., 2017a; Zuberi et al., 2022; Zuberi et al., 2017b). While previous studies have investigated the formulations of Cin-NE and their antimicrobial potential (Yuan Gao, 2021), a significant challenge in clinical practice remains: managing biofilm-associated infections caused by drug-resistant bacteria, such as MRSA. The key to overcoming these infections lies in effectively eradicating biofilms; however, this critical aspect has not been sufficiently addressed by existing research.

Rhamnolipid (RHL) is a biosurfactant that offers enhanced surface and interfacial activity, lower biotoxicity, and easier degradation compared to conventional emulsifiers (Mohanty and Mukherji, 2013). Previous studies have shown that RHL can disrupt the extracellular matrix of Staphylococcus aureus biofilm cells, making it easier for antimicrobial drugs to penetrate into the biofilm and kill the bacteria within (Thakur et al., 2021).

In the current study, a novel formulation of Cin-NE fortified with RHL was developed to enhance solubility and biofilm eradication capabilities. An optimal nanoemulsion preparation was established using Central Composite Design-Response Surface Methodology (CCD-RSM). The CCD-RSM has the merits that it can effectively optimize the effects of multiple variables within a limited number of experiments, thereby saving time and resources. This approach aids in more accurately assessing the impact of different factors on the outcomes and is easy of implementation (Bhattacharya, 2021). The efficacy of this formulation in inhibiting MRSA proliferation was evaluated through both in vitro assays and in vivo experiments using a mouse skin wound healing model, comprehensively assessing its therapeutic potential.

This work provides new insights and a theoretical basis for the production and application of Cin as a natural, large-scale antibacterial agent, particularly against MRSA biofilms, thereby advancing the frontier of strategies for managing resistant biofilms.



2 Materials and methods


2.1 Materials

The MRSA strain USA300 (ATCC®BAA-1717TM) [obtained from the American Type Culture Collection (ATCC)] was used in the current study and was cultivated in brain heart infusion (BHI) broth (Hopebio, Qingdao, China). Cinnamaldehyde (>98% HPLC purity, Shanghai McLin Biochemical Technology Co., Ltd.) and dissolved in dimethyl sulfoxide to obtain a stock solution, Rhamnolipid (Shanghai McLin Biochemical Technology Co., Ltd.), Tween 80 (Chengdu Kolon Chemicals Ltd.), Ethanol (Chengdu Kolon Chemicals Ltd.), Polyethylene Glycol 400 (PEG 400, Chengdu Kolon Chemicals Ltd.), Cremophor EL (EL-40, Chengdu Kolon Chemicals Ltd.), Ethyl Acetate (Chengdu Kolon Chemicals Ltd.) and distilled water (Chengdu Kolon Chemicals Ltd). All chemical reagents were of analytical purity and were used directly without further purification.



2.2 Preparation of nanoemulsions


2.2.1 Preparation method of nanoemulsion

Cinnamaldehyde nanoemulsion (Cin-NE) was prepared using the spontaneous emulsification method, which overcomes the disadvantages of high-energy emulsification, such as high initial equipment and operating costs, high power requirements, potential for equipment breakdown, and difficulties in producing very fine droplets (Ying Yang, 2012). First, 0.15 g of Cin was added to 0.28 g of ethyl acetate and stirred at 800 rpm with a magnetic stirrer (Tianjin SAIDELISI Ltd.). Next, 1.174 g of EL-40 and 0.546 g of ethanol were added to the mixture, followed by the gradual addition of 0.85 g of distilled water while continuing to stir until a transparent, uniform yellow Cin-NE system was formed. The preparation of Cin-RHL-NE followed the same procedure as Cin-NE, with the exception that 0.075 g of Rhamnolipid (RHL) was added with the addition of 1.174 g of EL-40 and 0.546 g of ethanol, while all other steps remained identical.” The preparation of Blank-RHL-NE (RHL-Blank-NE) was similar to that of Cin-RHL-NE, with the only difference being the absence of Cin. The preparation of Blank-NE was similar to that of Cin-NE, with the only difference being the absence of Cin.



2.2.2 Screening of Cin-NE oil phase

Previous laboratory research found that ethyl acetate has good solubility for cinnamaldehyde. 5 mL of cinnamaldehyde was add to 3 mL of ethyl acetate, mixed well. Then it was centrifuged at 10000 r/min for 15 min and the state of the mixture was observed visually.



2.2.3 Screening of Cin-NE emulsifier, co-emulsifier and Km value (emulsifier: co-emulsifier)

For the NE formulation, two emulsifiers—Tween 80 and EL-40—were screened. The emulsifier for the nanoemulsion drug delivery system was determined using water titration combined with the pseudo-ternary phase diagram method. Initially, ethanol was chosen as the co-emulsifier, with ethyl acetate designated as the oil phase component. The emulsifier was mixed with the co-emulsifier at a mass ratio of 2:1, and then the mixed emulsifier was combined with the oil phase at mass ratios of 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9. Distilled water was then added drop-by-drop under stirring conditions of 800 r/min at 25(±1)°C. The critical volume of water that led to emulsion destabilization was recorded. Origin 2019 software was used to plot the pseudo-ternary phase diagram and observe the emulsion-forming region. The extent of the nanoemulsion region on the pseudo-ternary phase diagram was used as an indicator to determine the more suitable emulsifier (Liu et al., 2022).

For the co-emulsifier screening, ethanol and PEG 400 were evaluated. The selected emulsifier was combined with each co-emulsifier at a ratio of 2:1, forming a mixed emulsifier. This mixed emulsifier was then blended with ethyl acetate. Water titration was performed as described earlier, and the pseudo-ternary phase diagram was plotted using Origin 2019 to observe the emulsion-forming region. The extent of the nanoemulsion area on the pseudo-ternary phase diagram was used as the criterion to determine the more appropriate co-emulsifier.

The oil phase, emulsifier, and co-emulsifier components have been determined in the aforementioned screening. The fixed oil phase was ethyl acetate, the emulsifier was EL-40, and the co-emulsifier was ethanol. Subsequently, further screening of the ratio between the emulsifier and co-emulsifier was conducted. The emulsifier and co-emulsifier were mixed in ratios of 1:1, 2:1, 3:1, 1:2, and 1:3. Using the water titration method, the Km value (emulsifier: co-emulsifier) was determined from the size of the nanoemulsion region area of the pseudo-ternary phase diagram.



2.2.4 Prescription optimization

Central Composite Design Response Surface Methodology (CCD-RSM) was employed to investigate the impact of two independent variables, X1 (oil phase) and X2 (Km), on the dependent response variables and to predict the optimal response values (Anjum et al., 2024). The oil phase used was ethyl acetate, and the Km (EL-40: ethanol) ratio ranged from 1 to 3. The influence of these parameters was assessed with respect to two critical response variables: Y1, particle size (nm), and Y2, maximum drug-loading capacity (g/mL). Determine the particle size by measuring the Blank-NE configuration of X1 (oil phase) and X2 (Km) fitted by CCD-RSM using a particle size analyzer (Delsa NanoC, Beckman Coulter, USA). Cin was add to the Blank NE configured by CCD-RSM fitting, and record the amount of added Cin when the Blank-NE becomes turbid to determine the maximum drug-loading capacity. The experimental design and statistical analysis were conducted using Design-Expert® version 13 software. The factors of the oil phase and Km were set at five levels (α-, 1-, 0, 1 +, α +) to evaluate their effects on the response variables, as summarized in Table 1. This setup, which involved the interaction of two factors across five levels with six replicates at the central point, resulted in a randomized scheme for conducting 20 experiments. The optimal formulation was determined by integrating the objectives of minimizing mean particle size and maximizing drug-loading capacity, as guided by the contour plots of the response surface. The predicted optimal formulation was then validated through relevant experimental procedures.



TABLE 1 CCD-RSM factors of the oil phase and Km.
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2.2.5 Rhamnolipid dosage screening

The preparation method of the Cin-RHL-NE was the same as described above. Cin and RHL were screened at ratios of 1:1, 2:1, 3:1, and 4:1. The amount of rhamnolipid added was determined by particle size and PDI (Polydispersity Index).




2.3 Characterization of Cin-NE, Cin-RHL-NE


2.3.1 Emulsion type identification

5 mL samples of Cin-NE, Cin-RHL-NE, Cin emulsion, and distilled water were dispensed into vials at 25°C and divided into four groups: Cin-NE (bottle 1), Cin-RHL-NE (bottle 2), Cin emulsion (bottle 3), and negative control (bottle 4). Cin-NE and Cin-RHL-NE were prepared using the method described in the “Preparation of Nanoemulsions” section. Add excess Cin (0.3 g/mL) to Blank-NE to prepare Cin emulsion. The visual appearance, Tyndall effect, diffusion rate of the water-soluble dye (methylene blue), and the oil-soluble dye (Sudan Red III) were then assessed (He et al., 2017).



2.3.2 Particle size measurement and morphological characterization

Cin-NE and Cin-RHL-NE were prepared, and their particle size, PDI, and zeta potential were measured at 25°C using a laser particle size/potential analyzer (Delsa NanoC, Beckman Coulter, USA) (Lei et al., 2019). These measurements were replicated in triplicate. The micro-morphology of the nanoparticles was characterized and observed using a transmission electron microscope (JEM2100, Nippon Electron Co., Ltd., Japan) (Khan et al., 2015).



2.3.3 Encapsulation efficiency of Cin-NE

A standard curve was established via UV spectrophotometry (UV-2600i, Shimadzu, Japan) for the determination of Cin content. Take 500 μL Cin-NE and centrifuge it in an ultrafiltration tube (1,000 KD) at 10000 r/min for 15 min to obtain the clarified centrifugal solution to measure the content of total active ingredient (Wt) and concentration of free active substance (Wf). Absorbance was measured using the UV spectrophotometer at OD284. Encapsulation efficiency (EE%) were calculated from the total and free concentrations (Feng et al., 2022).



2.3.4 Stabilities of Cin-NE and Cin-RHL-NE

To verify the stability of the formulation under different environmental conditions, stability tests were conducted. The selected Cin-NE and Cin-RHL-NE underwent various tests, including centrifugation (6,000 r/min, 8,000 r/min, 10,000 r/min, each lasting 10 min), storage at different temperatures (−20°C, 4°C, 25°C), pH variations (1.00, 4.00, 7.00, 9.18), and exposure to light (0 Lx, 400 Lx) (Li et al., 2018). The particle size of nanoemulsions after different treatments was measured according to the method in 2.3.2.




2.4 Evaluation method for antimicrobial activity in vitro


2.4.1 Determination of NEs antimicrobial activity on MRSA planktonic bacteria


2.4.1.1 Determination of MIC and MBC

The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) of Cin, Cin-NE, and Cin-RHL-NE were determined using the microdilution and plate colony counting methods, in accordance with the standards of the American Society for Clinical Laboratory Standards (CLSI) (Arendrup et al., 2017).



2.4.1.2 Electrical conductivity assay

The USA300 bacterial suspension (OD600 = 1.8), cultured to the logarithmic phase, was inoculated with 2% inoculum in TSB medium and incubated in a gas-bath thermostatic shaker at 37°C for 16 h. After incubation, the USA300 cultures were divided into five groups and subjected to various treatments: Cin (1,024 μg/mL), Cin-NE (Cin, 1,024 μg/mL), Cin-RHL-NE (Cin, 1,024 μg/mL), Blank-RHL-NE, and PBS. The conductivity of the different treatment groups was measured using a conductivity meter (NanoDrop One, Thermo Scientific, Waltham, MA, USA) (Hassan et al., 2020). Each treatment was performed in triplicate.



2.4.1.3 Determination of MRSA DNA extravasation

USA300 bacterial suspension (OD600 = 1.8) was cultured to the logarithmic phase. The bacterial solution was then washed twice with PBS and re-suspended in PBS to a concentration of 107 CFU/mL. Cin, Cin-NE, and Cin-RHL-NE were added to the treatment groups at a final concentration of 1,024 μg/mL. The treatment groups were incubated at 37°C for 0, 1, 2, 4, 6, and 8 h. After incubation, the samples were centrifuged at 4500 rpm for 10 min, and the supernatants were collected. DNA concentrations in the supernatants were determined using a microspectrophotometer at OD260nm (NanoDrop One, Thermo Scientific, Waltham, MA, USA) (Lin et al., 2018).



2.4.1.4 Effect of NEs on membrane permeability and fluidity of MRSA cells

USA300 bacterial suspension (OD600 = 1.8) was centrifuged at 4500 rpm for 10 min. Following centrifugation, the PI (Solarbio, Beijing, China) probe was added to the USA300 bacteria. The fluorescence intensity of the bacteria was then measured using a microplate reader (Thermo Scientific, Waltham, MA, USA) with an excitation wavelength of 488 nm and an emission wavelength of 617 nm (Ye et al., 2023).

USA300 bacterial suspension (OD600 = 1.8) was centrifuged at 4500 rpm for 10 min. The working solution of the Luardan probe (Solarbio, Beijing, China) was then mixed with the USA300 bacterial solution, which had a bacterial cell concentration of approximately 1 × 106 CFU/mL, according to the method described by Dubinin et al. (2020). The fluorescence intensities were measured using a microplate reader (Thermo Scientific, Waltham, MA, USA) with excitation and emission wavelengths set at 360 and 470 nm, respectively. GP values were calculated following the method proposed by Scheinpflug et al. (2017).



2.4.1.5 Effects of NEs on the morphology of MRSA cell membranes

The bacteria (1 × 106 CFU/mL) were treated with 2.5% glutaraldehyde fixative (Solarbio, Beijing, China) for 12 h after Cin, Cin-NE, Cin-RHL-NE was added to treatment groups at a final concentration of 1,024 μg/mL, dehydrated in graded ethanol, dried at critical point, sputter-coated with gold, and then observed by scanning electron microscopy (SEM) (Hitachi S4800N; Tokyo, Japan) (Inoue et al., 2017).



2.4.1.6 Examination of MRSA live/dead ratios

The bacteria were stained with SYTO 9 and PI dyes (Maokang, Shanghai, China) for 30 and 15 min, respectively, and visualized by confocal laser scanning microscope (CLSM) (Sp8,Leica, Germany) (Su et al., 2023).




2.4.2 Determination of NEs’ anti MRSA biofilm activity



2.4.3 Biofilm quantification

Overnight cultured MRSA and 3% sucrose BHI medium (1:10) were added to 24-well plates and incubated at 37°C for 24 h to form MRSA biofilms. Cin-NE and Cin-RHL-NE were added at concentrations of 0, 128, 256, 512, and 1,024 μg/mL. The samples were rinsed with PBS to remove unbound substances, fixated with formaldehyde, and subsequent stained with crystal violet to visualize the adherent biofilms. Thereafter, the stained biofilms were dissolved using 30% acetic acid, and the absorbance at a wavelength of 590 nm was measured using a microplate reader (Peng et al., 2020). After determining the optimal treatment concentration, different group treatments were performed (including Cin, Cin-NE, Cin-RHL-NE, Blank-RHL-NE and PBS; the concentration of Cin was 1,024 μg/mL). Crystal violet staining was repeated and the amount of biofilm residue was quantitatively determined post-treatment. Each group was set in triplicate.


2.4.3.1 Determination of extracellular polysaccharide content in MRSA biofilms

Phenol-sulfuric acid method was used to establish the concentration versus absorbance curve of glucose at OD490 nm. The biofilm-culture method was the same as described previously. The phenol-sulfuric acid method was used to extract the extracellular polysaccharides from the biofilm after treatment of Cin-NE, Cin-RHL-NE (the concentration of Cin was 0, 128, 256, 512, 1024 μg/mL), and the absorbance at OD490 nm was measured by microplate reader. Repeat the above process with different treatment groups including Cin, Cin-NE, Cin-RHL-NE, Blank-RHL-NE, and PBS (the concentration of Cin was 1,024 μg/mL). Each group was set in triplicate.



2.4.3.2 Determination of MRSA biofilms extracellular protein content

The relationship between protein concentration and absorbance was plotted using a BCA protein kit (Beyotime, Shanghai, China). A MRSA biofilms was cultured as previously described. The extracellular proteins of the biofilm were extracted by ultrasonication (40 Hz, 20 min) after treatment of Cin-NE, Cin-RHL-NE (the concentration of Cin was 0,128,256,512,1,024 μg/mL), and the extracellular protein content of each group was determined using a BCA protein kit. Repeat the above process with different treatment groups including Cin, Cin-NE, Cin-RHL-NE, Blank-RHL-NE, and PBS (the concentration of Cin was 1,024 μg/mL). Each group was set in triplicate.



2.4.3.3 Examination of MRSA biofilm live/dead ratios

Cin (1,024 μg/mL), Cin-NE (Cin,1,024 μg/mL), Cin-RHL-NE (Cin,1,024 μg/mL), Blank-RHL-NE, and PBS were added to the treatment groups, respectively. Then each group were stained with SYTO 9 and PI dyes for 90 min and observed under CLSM (Li et al., 2023).



2.4.3.4 eDNA levels assay of MRSA biofilm

Cin (1,024 μg/mL), Cin-NE (Cin,1,024 μg/mL), Cin-RHL-NE (Cin,1,024 μg/mL), RHL-Blank-NE, and PBS were added to the treatment groups, respectively. Then each group were stained with SYTOX (Maokang, Shanghai, China) for 30 min and observed under CLSM (Su et al., 2023).



2.4.3.5 Examination of MRSA biofilm surface structures

Each group was treated for 12 h with 2.5% glutaraldehyde fixative, dehydrated in an ethanol gradient, dried at the critical point, sputter-coated with gold, and then observed with SEM (Gu et al., 2022).





2.5 Evaluation of anti-biofilm effects in vivo


2.5.1 Animals and experimental design

All animal procedures were reviewed and approved by the Animal Care and Use Committee of Sichuan Agricultural University (2017-0608). SPF BALB/c mice (8-weeks old, 18–20 g) were purchased from Dossy Experimental Animals Co., Ltd., (Chengdu, China). The animals were provided with water and mouse chow, and were maintained in a specific pathogen-free environment, with a 12 h light–dark cycle and 22 ± 1°C room temperature. After acclimatization under free access to food and water for 7 days, the infection model was created by implanting biofilm carriers on the backs of mice (Ji et al., 2016). The biofilm was cultured on a plastic sheet in a 12-well plate for 24 h. The sheet was then rinsed with PBS to remove free bacteria and implanted subcutaneously into the back of anesthetized BALB/c mice. The skin was cut open, the plastic sheet with MRSA biofilm was implanted, and the skin was then sutured closed.

48 h after implantation, mice were randomly divided into 5 groups (6 mice each group) as follows. The Group I was model group (Model), the Group II was RHL-Blank-NE group, and the Group III-V were supplemented of 100 μLCin, Cin-NE and Cin-RHL-NE at a Cin concentration of 40 mg/kg. All regents were injected once daily subcutaneously for 7 consecutive days.



2.5.2 Hematological and tissue testing

An aliquot of the blood of the mice from the experimental groups of the mice skin implantation healing model was collected to quantify the hematological indexes. The blood was transferred to tubes with anticoagulant and the leukocytes and neutrophils analyses were measured on the hematimeter (BC-2800Vet; Mindray, Shenzhen, China). TNF-α and IL-6 levels were also detected by ELISA kits (Lianke, Hangzhou, China).

Mice dorsal skin tissue was excised and subsequently homogenized for the enumeration of infected skin colonies (Tursi et al., 2020).

Skin tissue proximal to the infected lesion on the dorsum of mice was excised and stabilized in 4% paraformaldehyde (Solarbio, Beijing, China). Histological sections subjected to Hematoxylin and Eosin (H&E) staining were then examined to assess pathological changes, thereby elucidating the anti-inflammatory effectiveness of the administered treatments.



2.5.3 CLSM analysis of eDNA in biofilms on implant surfaces

The implant was extracted from the mice, and the extracellular DNA (eDNA) present within the biofilm coating the implant surface was labeled with SYTOX (Maokang, Shanghai, China) for an hour. Subsequently, visualization and examination of the fluorescently stained eDNA were conducted using CLSM (Li et al., 2023).




2.6 Statistical analysis

The results are shown as the mean and standard deviation of the measured values. Statistical analysis was performed using Origin 2018, IBM SPSS Statistics, Graphpad Prism 10. To explore the differences between groups, we analyzed the data by ANOVA, and p < 0.05 was considered statistically significant.




3 Results


3.1 Screening and optimization of prescription


3.1.1 Screening of oil phase, emulsifiers and co-emulsifiers and Km

The NEs was prepared as the method in 2.2.1. The Schematic diagram of Cin-RHL-NE was shown in Figure 1A. The results showed that the mixture of cinnamaldehyde and ethyl acetate was stable in state and did not stratify. Therefore ethyl acetate is used as the oil phase in nanoemulsion systems due to its good solubility and efficient dispersibility. Emulsifiers and co-emulsifiers are pivotal components in the nanoemulsion fabrication process, functioning by adsorbing at fluid interfaces to diminish interfacial tension and facilitate the formation of stable particles.

The larger the formed nanoemulsion zone, the better the emulsifying ability. By comparing the nanoemulsion zones (the zone colored blue in Figure 1B) formed by EL-40 (Figure 1Bi) and Tween 80 (Figure 1Bii), it is observed that the nanoemulsion zone formed by EL-40 is larger. Therefore, EL-40 is selected as the emulsifier for this nanoemulsion.

[image: Figure 1]

FIGURE 1
 Preparation of Cin-NE. (A) Diagram of Cin-RHL-NE. (B) Ternary phase diagrams of screening of emulsifiers. (C) Ternary phase diagrams of screening of co-emulsifiers. (D) Ternary phase diagrams of screening of Km.


The principle of selecting an co-emulsifier is consistent. Ethanol, when used as a co-emulsifier, forms a larger area of nanoemulsion region compared to PEG 400 used as a co-emulsifier (Figure 1C). Therefore, ethanol is chosen as the co-emulsifier for this nanoemulsion composition.

Moreover, the ternary phase diagram (Figure 1D) illustrated that the most extensive emulsion region is attained when the Km ratio, representing the balance between emulsifier and co-emulsifier, is set at 2:1. Consequently, a Km value of 2:1 was adopted to maximize the stability and performance of nanoemulsion.



3.1.2 Optimization of nanoemulsion prescription

CCD-RSM was utilized to investigate the influence of the oil phase (X1) and Km value (X2) on particle size (Y1) and maximum drug-loading capacity (Y2). The Design Expert 13.0 software was employed for experimental design and analysis using the CCD-RSM (Figures 2A,B). The factors, levels, experimental arrangements, and results are presented in Table 2.

[image: Figure 2]

FIGURE 2
 Optimization of nanoemulsion prescription. (A,B) Response surface and contour plots of the interactions between oil phase volume and Km value on the particle size and maximum encapsulation capacity of the Blank-NE. (C) Screening of RHL dosage based on particles size and PDI.




TABLE 2 CCD-RSM factors, levels, and outcomes.
[image: Table2]



3.1.3 Model fitting

The model was fitted post experimental results, with the regression equation obtained through Design Expert 13.0 software. The particle size model fit F = 52.94, p < 0.0001 < 0.05, indicating well fitted and predictive. The maximum drug-loading capacity complied with the multivariate linear equation. The nonlinear fit of particle size was better, with correlation coefficients high and results statistically significant. From the 3D plots and equations, the final values of factors X1 and X2 were derived using the prediction function of Design-Expert 13.0: X1 = 14.393% and X2 = 2.151, and the result X2 = 2.151 is similar to the previous Km value screening result, which is in line with the expectation. Ethyl acetate accounted for 14.393%, EL-40 58.439%, and ethanol 27.168%.



3.1.4 Optimal prescription validation

The validation results showed a small deviation between the true and predicted values, indicating CCD had good predictive effect.



3.1.5 Dosage of Cin and RHL

Preliminary validation experiments indicated that the upper limit for Cin incorporation was 0.15675 g/mL. However, subsequent trials revealed a propensity for nanoemulsion instability when the Cin concentration exceeded 0.05 g/mL. Consequently, based on these observations, the optimal and practical amount of Cin to ensure nanoemulsion stability was established at 0.05 g/mL.

Assessment of RHL dosage revealed that an increase in the proportion of Cin led to elevated particle sizes yet concurrently changed PDI values (Figure 2C). As the particle size decreases, the smaller-sized droplets having greater surface area providing greater absorption. A smaller PDI indicated a more uniform relative particle mass distribution and higher particle size uniformity (Donsi et al., 2012). Cinnamaldehyde, serving as the core of the nanoemulsion, increased in particle size with greater amounts. Additionally, rhamnolipid, used as a modifier, if present in insufficient quantities, fails to decorate the particle surfaces adequately, leading to an increase in PDI and uneven particle sizes. Considering the pivotal roles of nanoemulsion stability and particle size uniformity, the optimum Cin: RHL ratio was established to be 2:1, thereby striking a balance between effective incorporation and maintaining the desired physicochemical properties.

Based on the above results, ethyl acetate was selected as the oil phase of the Cin-NE, EL40 as the emulsifier of the Cin-NE, and ethanol as the coemulsifier of the Cin-NE with Km of 2.151. Each 3 g of Cin-NE contained 0.15 g Cin, 0.28 g ethyl acetate, 1.174 g EL40, 0.546 g ethanol, and 0.85 g distilled water. CIN-RHL-NE adds 0.075 g RHL to Cin-NE.




3.2 Characterization of Cin-NE and Cin-RHL-NE


3.2.1 Emulsion type identification, particle size, zeta potential and morphology

Under (25 ± 1)°C, the Cin-NE was a transparent, homogeneous, and stable yellow liquid system, while the Cin-RHL-NE was a light brown, uniformly transparent liquid system. Under laser irradiation, both NEs exhibited Tyndall effect, indicating particles sizes in the range of 1–100 nm. Additionally, the observation that the water-soluble dye (methylene blue) diffused more rapidly in comparison to the oil-soluble dye (Sudan III) in both nanoemulsion systems, strongly suggested their composition as oil-in-water (O/W) type NEs (Figure 3A).
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FIGURE 3
 Characterization of nanoemulsions. (A) Physical appearance of the NEs; Visualization of the Tyndall effect; Type identification using Sudan III and Methylene Blue dyes. (B) Particle size distribution of Cin-NE and Cin-RHL-NE. (C) Zeta potentials of Cin-NE and Cin-RHL-NE. (D) TEM morphologies of Cin-NE and Cin-RHL-NE particles.


The size of Cin-NE was 13.66 ± 0.08 nm (Figure 3B1) and the size of Cin-RHL-NE was 20.45 ± 0.25 nm (Figure 3B2), with the PDI of Cin-NE was 0.049 ± 0.011 and the PDI of Cin-RHL-NE was 0.198 ± 0.004, respectively. The results indicated that the novel formulation of NEs achieved a small particle size. The zeta potential of Cin-NE was −2.24 ± 0.67 mV and the zeta potential of Cin-RHL-NE was −2.53 ± 0.4 mV (Figure 3C).

TEM showed (Figure 3D) that the particle morphology of both NEs exhibited spherical shapes featuring smooth edges and a high degree of size uniformity.



3.2.2 Encapsulation rate and drug loading capacity

The standard curve and dilution multiplicity relationship were used to measure the absorbance of the corresponding solution by UV spectrophotometer. From this, the total active substance (Wt) and the concentration of the free active ingredient (Wf) were calculated. The encapsulation efficiency of Cin-NE was (99.84 ± 0.09)%.



3.2.3 Stabilities of nanoemulsions

Figures 4A,B showed that there were no statistically significant differences within the 30-days period of storage at 4°C, 25°C, and 37°C under both shading (0 Lx) and daylight (400 Lx). The increase in particle size at −20°C, significantly different from 25°C (p < 0.05), suggested NEs were not stable for preservation at −20°C while indoor temperature and simulated body temperature conditions were stable for preservation.
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FIGURE 4
 Stabilities of nanoemulsions. (A) Effect of light conditions (illuminated at 400Lx and dark storage conditions at 0Lx) on the mean particle diameter of Cin-NE and Cin-RHL-NE. ns denoted no significant difference between light and dark storage conditions (p > 0.05). (B) Influence of storage temperatures (−20°C, 4°C, 25°C, 37°C) on the mean particle diameter of Cin-NE and Cin-RHL-NE. ns denoted no significant difference compared to 25°C (p > 0.05),** denoted a significant difference compared to 25°C (p < 0.01). (C) Effect of pH levels on the mean particle diameter of Cin-NE and Cin-RHL-NE. ns denoted no significant difference compared to pH 7 (p > 0.05), and ** denoted a significant difference relative to pH 7 (p < 0.01). (D) Influence of centrifugation on the mean particle diameter of Cin-NE and Cin-RHL-NE. ns denoted no significant difference compared to non-centrifugation (p > 0.05).


The results of centrifugation tests (Figure 4D) demonstrated that neither the particle size nor PDI of Cin-NE and Cin-RHL-NE were significantly affected when subjected to centrifugation speeds of 6,000 r/min, 8,000 r/min and 10,000 r/min (p > 0.05).

Results showed that there were no significant differences in particle size of the NEs under both acidic and neutral conditions (Figure 4C) indicating they could be stabilized in these environments.




3.3 In vitro antimicrobial activity


3.3.1 NEs performed better on the inhibiting growth of USA300 than Cin

The MIC values of Cin-RHL-NE and Cin-NE on MRSA were both measured as 512 μg/mL and MBC values were both 1,024 μg/mL according to the micro-broth dilution method in the CLSI standard; whereas, the MIC values of Cin on MRSA were 1,024 μg/mL and MBC values were 2048 μg/mL.



3.3.2 Planktonic bacteria


3.3.2.1 The USA300 extracellular DNA release and conductivity of NEs group was increased

From Figure 5A, it was evident that following a 2-h treatment of the regnents to USA300 DNA, the release of DNA from the cells increased significantly. Specifically, the Cin-RHL-NE group, Cin-NE group, and Cin group exhibited respective enhancements of 67.773 ± 0.295 μg/mL (p < 0.001), 65.971 ± 0.107 μg/mL (p < 0.001), and 20.109 ± 0.241 μg/mL (p < 0.001) in comparison to the control group. Notably, both the Cin-RHL-NE and Cin-NE formulations demonstrated superior efficacy over the Cin group alone.
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FIGURE 5
 In vitro antimicrobial activity of NEs on planktonic USA300. (A) Impact of different treatment groups on the extracellular DNA release of USA300. (B) Effect of various treatment groups on the conductivity of USA300 suspensions. (C) Influence of different concentrations of Cin-RHL-NE on the permeability of MRSA cell membranes. (D) Effect of diverse treatment regimens on the permeability of MRSA cell membranes. (E) Concentration-dependent influence of Cin-RHL-NE on the fluidity of MRSA cell membranes. (F) Impact of different treatment groups on the fluidity of MRSA cell membranes. (G) SEM images of MRSA post various treatments. Scale bar, 500 nm. (H) CLSM images of MRSA following different treatments, with green fluorescence indicating live bacteria stained with Syto9 and red fluorescence representing dead bacteria stained with PI. *p < 0.05, **p < 0.01, ***p < 0.001, using Student’s t-test.


As could be seen from the Figure 5B, the conductivity values of Cin-RHL-NE, Cin-NE, and Cin group after 6 h treatment was 425.67 ± 2.05 μS·cm−1, 427.67 ± 2.05 μS·cm−1, and 398.67 ± 1.70 μS·cm−1, respectively. Compared to the control group’s baseline conductivity of 389.67 ± 1.25 μS·cm−1, these readings marked increased of 9.23% (p < 0.01), 10.25% (p < 0.01), and 2.31%, respectively. It showed that the conductivity of USA300 bacterial suspension was significantly increased after treatment with Cin-RHL-NE and Cin-NE. Both Cin-RHL-NE and Cin-NE formulations have effectively elevated the membrane permeability of MRSA cells.



3.3.2.2 Qualitative analysis of USA300 cell membrane permeability and cell membrane fluidity

The fluorescent dye PI could enter the bacterium through the cell membrane, and its fluorescence within bacteria can be quantified at specific excitation and emission wavelengths. Leveraging this, the fluorescence intensity of PI was employed to probe the impact of varying concentrations of Cin-RHL-NE (512 μg/mL-1024 μg/mL) and different treatment regimens on the permeability of USA300 cell membranes. As illustrated in the (Figure 5C), an ascending trend in PI fluorescence intensity paralleled the increase in Cin-RHL-NE concentration, suggesting a concentration-dependent effect of Cin-RHL-NE on MRSA membrane permeabilization. In a separate assessment, MRSA was treated with different formulations at a fixed Cin concentration of 1,024 μg/mL. The outcomes revealed no statistically significant variation between the Blank-RHL-NE group and the control group (p > 0.05). Conversely, the fluorescence intensities for the Cin-RHL-NE, Cin-NE, and Cin groups were augmented by 0.055, 0.047, and 0.003 relative to the control group, respectively, manifesting statistically significant differences (p < 0.05). Notably, the increments for both the Cin-RHL-NE and Cin-NE groups were found to be significantly higher (p < 0.001) than that of the Cin group alone, underscoring the superior performance of the nanoemulsion formulations in enhancing MRSA membrane permeability (Figure 5D).

The GP value of Luardan, a hydrophobic fluorescent dye, indicated the order or disorder of nearby phospholipids in cell membranes. An increased GP value implies enhanced membrane order and rigidity, and hence diminished fluidity. The effect of Cin-RHL-NE on the fluidity of MRSA cell membranes was concentration-dependent, with a Laurdan GP of 0.77 ± 0.01 at a concentration of 1,024 μg/mL, compared with 0.21 ± 0.01 in the control group, which significantly reduced the fluidity of the cell membranes (Figure 5E). Cin-RHL-NE exerted a pronounced concentration-dependent impact on the fluidity of USA300 cellular membranes, causing a significant decrease at a 1,024 μg/mL concentration (Figure 5F). In contrast, Cin and the Blank-RHL-NE did not yield significant alterations. These findings affirmatively highlighted the specific effect of Cin-RHL-NE on modulating USA300 membrane fluidity, outperforming Cin alone in its potency.



3.3.2.3 SEM observation of USA300 morphology

SEM revealed a smooth, regular surface in the control group, with few wrinkles. Conversely, the USA300 in the Cin group showed some wrinkles and irregular morphology. The bacterial morphology of the Cin-RHL-NE and Cin-NE groups was severely affected, manifesting wrinkles, collapses and ruptures. The contents of the bacteria flowed out, indicating serious damage to MRSA. There was no significant difference in the Blank-RHL-NE group compared to the control group (Figure 5G).



3.3.2.4 CLSM observation of NEs-killed USA300

The results from the CLSM images (Figure 5H) showed that the control group exhibited mostly green fluorescence, indicating a high percentage of live bacteria. The Blank-RHL-NE group also showed largely green fluorescence, suggesting no killing effect on MRSA. The Cin group had some red fluorescence, indicating a limited killing effect on MRSA at this concentration. The CLSM results of Cin-RHL-NE and Cin-NE groups showed almost entirely red fluorescence, proving both could kill nearly all MRSA.




3.3.3 Antibiofilm activity


3.3.3.1 Inhibition of biofilm formation

Crystal violet staining demonstrated that both Cin-RHL-NE and Cin-NE inhibited MRSA biofilm formation in a concentration-dependent manner, with effective concentrations ranging from 128 to 1,024 μg/mL (Figure 6A). Specifically, Cin-RHL-NE reduced MRSA biofilm proliferation by 66.9% at a concentration of 256 μg/mL (Figures 6B,C). Based on this effective concentration, further investigations were conducted to evaluate the inhibition of various treatments on USA300 biofilm growth. The results indicated that both Cin-RHL-NE and Cin-NE significantly inhibited USA300 biofilm growth, with reductions of 66.9 and 65.5%, respectively. Both treatments showed statistically significant superiority over the control group. In contrast, Cin alone resulted in a much lesser inhibition, with only a 24.8% reduction in growth. The Blank-RHL-NE displayed negligible inhibitory efficacy (Figure 6D).
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FIGURE 6
 In vitro assessment of MRSA biofilm eradication. (A) Crystal violet-stained images of MRSA biofilms after treatment with varying concentrations of Cin-RHL-NE and Cin-NE. (B) Crystal violet-stained images of MRSA biofilms post different treatments. (C) Biomass of MRSA biofilms following treatment with differing concentrations of Cin-RHL-NE and Cin-NE. (D) Biomass measurements of MRSA biofilms after various treatments. (E) Crystal violet-stained images showcasing the impact of Cin-RHL-NE and Cin-NE at varied concentrations on MRSA biofilms. (F) Eradication images of crystal violet-stained MRSA biofilms post different treatments. (G) Quantification of biomass from MRSA biofilms post-treatment with different concentrations of Cin-RHL-NE and Cin-NE. (H) Biomass assessment of MRSA biofilms after various therapeutic interventions. (I) Effects of different concentrations of Cin-RHL-NE and Cin-NE on the extracellular polysaccharide content of MRSA biofilms. (J) Analysis of the impact of various treatments on the extracellular polysaccharide content in MRSA biofilms. (K) Examination of the influence of variable concentrations of Cin-RHL-NE and Cin-NE on the extracellular protein content of MRSA biofilms. (L) Assessment of the effect of different treatments on the extracellular protein content in MRSA biofilms. (M) CLSM 3D reconstructions of MRSA biofilms post-treatment, where green fluorescence denotes live bacteria stained with SYTO 9 and red fluorescence represents dead bacteria stained with PI. (N) Detection of eDNA levels in MRSA biofilms using SYTOX staining. (O) Scanning Electron Microscopy (SEM) images of MRSA biofilms after various treatments, Scale bar, 3 μm. *p < 0.05, **p < 0.01, ***p < 0.001, using Student’s t-test.




3.3.3.2 Eradication of formed biofilm

Crystal violet staining showed that the scavenging effect of Cin-RHL-NE and Cin-NE on mature biofilm of MRSA showed concentration dependence at concentrations of 128–1,024 μg/mL (Figures 6E,G). The study demonstrated nanoemulsion effectively removed MRSA biofilm in a concentration-dependent manner. Specifically, Cin-RHL-NE exhibited the highest removal rate of 84.6% at 1024 μg/mL, while Cin-NE removed 76.3%. In contrast, Cin demonstrated significantly reduced efficiency, managing to eliminate merely 24.1% of the biofilm. The Blank-RHL-NE, devoid of the active ingredient, had a negligible impact on biofilm clearance (Figures 6F,H).



3.3.3.3 Quantitative analysis analysis of extracellular polysaccharides and extracellular proteins of USA300 biofilms

The absorbance of glucose standard solutions was measured using UV spectrophotometry at OD490 nm, with the standard curve equation being y = 0.0276 x + 0.1766 (R2 = 0.9996). The impact of Cin-NE and Cin-RHL-NE on the extracellular polysaccharide content of USA300 was assessed using the phenol-sulfuric acid method. Results showed that as the drug concentration increased (0, 128, 256, 512, and 1,024 μg/mL), the extracellular polysaccharide content decreased (Figure 6I). At a Cin concentration of 1,024 μg/mL, the effects on the extracellular polysaccharide content of the USA300 biofilm were compared among Cin-RHL-NE, Cin-NE, Cin, Blank-RHL-NE, and PBS control. Compared to the control, the extracellular polysaccharide content was reduced by 69.07 ± 1.49 μg/mL (p < 0.001) and 58.54 ± 1.05 μg/mL (p < 0.001) for Cin-RHL-NE and Cin-NE, respectively, indicating that the NEs significantly reduced the extracellular polysaccharide content of USA300. The Cin group also demonstrated some reduction, but it was less effective compared to Cin-NE and Cin-RHL-NE. Blank-RHL-NE had minimal impact on MRSA’s extracellular polysaccharide content (Figure 6J).

The standard curve equation obtained with BCA protein kit was y = 0.0007 x + 0.1135 (R2 = 0.999). The BCA protein content was used to determine the extracellular protein content of USA300 treated with different concentrations of Cin-RHL-NE and Cin-NE. The results showed that the extracellular protein content decreased with increasing drug concentration (Figure 6K). The effect of different treatments on the change of extracellular protein content of USA300 biofilm was determined when the concentration of Cin was 1,024 μg/mL. Compared with the control group, the extracellular protein content of Cin-RHL-NE and Cin-NE decreased by 493.81 ± 3.56 μg/mL (p < 0.01) and 363.33 ± 4.02 μg/mL (p < 0.01), respectively (Figure 6L). Cin-RHL-NE had a better effect on the extracellular protein content of MRSA than Cin-NE. Cin had some effect on USA300 extracellular protein content while Blank-RHL-NE had no significant effect.



3.3.3.4 CLSM observation of the NEs effect on USA300 biofilms

CLSM results revealed that the biofilm in the control group predominantly exhibited green fluorescence, indicating a high proportion of viable bacteria. In contrast, the Cin group displayed both red and green fluorescence, suggesting that while Cin was effective in eliminating some of the living bacteria within the biofilm, it did not eradicate all viable bacteria. Similarly, the Cin-NE group also exhibited a mix of red and green fluorescence, which indicated incomplete eradication of bacteria attached to the biofilm membrane. In contrast, the Cin-RHL-NE group primarily showed red fluorescence, reflecting a highly effective elimination of live bacteria from the biofilm structure (Figure 6M).



3.3.3.5 CLSM observation of the NEs effect on USA300 biofilms

From the SYTOX-stained fluorescence images (Figure 6N), it is evident that neither Cin nor Blank-RHL-NE causes effective damage to eDNA. In contrast, Cin-RHL-NE and Cin-NE significantly reduce eDNA levels in MRSA biofilms. Further evidence supports the scavenging effects of Cin-RHL-NE and Cin-NE on MRSA biofilms.



3.3.3.6 SEM observation of the NEs effect on USA300 biofilms

SEM results showed that the biofilm structure was dense in the control group. Treatment with Blank-RHL-NE caused no noticeable changes in biofilm structure. A significant decline in biofilm density was observed in the Cin group. Remarkably, both nanoemulsion-treated groups exhibited substantial disintegration of the membrane structure, indicating their disruptive effects on the biofilm. The Cin-RHL-NE group demonstrated superior outcomes compared to Cin-NE, suggesting a heightened efficacy in degrading the biofilms (Figure 6O).





3.4 Evaluation of in vivo antibacterial activity


3.4.1 Hematological and tissue test of the NEs treatment in mice implantation healing model

The construction of the mouse model and the treatment schematic are shown in Figure 7A. Leukocyte count results indicated a decrease in the Cin, Cin-NE, and Cin-RHL-NE treatment groups compared to the model group. Notably, the leukocyte count in the Cin-RHL-NE treatment group was restored to the physiologically normal range (reference value: 0.8–6.9 × 10^9/L). Similarly, the neutrophil count followed a comparable trend to the leukocyte count results (Figures 7B,C).
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FIGURE 7
 In vivo assessment of MRSA biofilm clearance in a mouse dorsal implant infection model. (A) Schematic illustrating the implantation of MRSA biofilm onto the mouse back and subsequent treatment regimen. (B,C) White blood cell and neutrophil counts in mice. (D,E) Serum levels of TNF-α and IL-6 in mice following different treatments. (F) Representative images of bacterial smears from excised mouse skin tissue. (G) Bacterial colony counts from mouse skin tissue. (H) Histopathological analysis of infected skin tissues via H&E staining, revealing morphological changes and inflammation status; Scale bar, 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001, using Student’s t-test. (I) Detection of extracellular DNA (eDNA) levels in MRSA biofilm on implantation using SYTOX staining.


The results showed that, compared to the model group, the levels of TNF-α (Figure 7D) and IL-6 (Figure 7E) decreased in the Cin, Cin-NE, and Cin-RHL-NE treatment groups. Notably, the Cin-RHL-NE group experienced a significant reduction of 85.3% (p < 0.01) in TNF-α and 47.1% (p < 0.01) in IL-6, highlighting its superior healing impact.

Bacterial counts in the Cin, Cin-NE, and Cin-RHL-NE groups decreased significantly compared to the model group. Specifically, the Cin-NE group and Cin-RHL-NE group saw reductions of up to 12-fold and 87-fold, respectively, demonstrating the nanoemulsions’ effective in vivo antimicrobial properties (Figures 7F,G).

Infected skin tissues were collected and H&E stained to analyze morphological changes and the degree of inflammation. The model group exhibited severe infection symptoms, characterized by extensive infiltration of inflammatory cells into the subcutaneous tissues. In contrast, the Cin group showed reduced inflammation, though it remained noticeable. The Cin-NE treatment groups significantly improved infection characteristics and decreased the presence of inflammatory cells. Notably, the Cin-RHL-NE group achieved near-complete resolution of inflammation, with only a few residual inflammatory cells. Overall, the nanoemulsion preparation effectively addressed MRSA biofilm infection-induced (Figure 7H).



3.4.2 Detection of eDNA in biofilms on implant surfaces

The SYTOX dye specifically binds to biofilm eDNA. CLSM results (Figure 7I) revealed strong green fluorescence in the model group, indicating minimal biofilm clearance. In contrast, fluorescence intensity decreased in the Cin, Cin-RHL-NE, and Cin-NE groups, with the fluorescence being nearly undetectable in the Cin-RHL-NE group. This observation confirms effective biofilm removal in vivo.





4 Discussion

Treating methicillin-resistant Staphylococcus aureus (MRSA), which is notorious for its treatment-resistant biofilms, presents significant challenges. This underscores the need for innovative, compound-focused therapeutic approaches to effectively eradicate these biofilms. Recent research has highlighted the potential of various natural compounds, such as limonene, andrographolide sulfonate, and luteolin, in impeding biofilm formation (Gambino et al., 2022; Yuan et al., 2022; Zhang et al., 2021). Given cinnamaldehyde (Cin) is established as a broad-spectrum antimicrobial agent with potent inhibitory capabilities (Shen et al., 2015), our study aimed to explore its effectiveness when formulated into a nanoemulsion. We also investigated the potential of combining Cin with rhamnolipid (RHL) to specifically target and disrupt biofilms.

Our investigation revealed notably promising antibacterial activities from the fabricated nanoemulsions, with Cin-NE demonstrating the highest inhibitory efficacy. The potency hierarchy observed was led by Cin-NE, which had a minimal inhibitory concentration (MIC) of 512 μg/mL against MRSA, followed by non-nanoformulated Cin with an MIC of 1,024 μg/mL. This observation is consistent with Badr et al.’s findings (Makimori et al., 2020), which also highlighted the substantial impact of nanoemulsion formulation on Cin’s effectiveness. The inherent hydrophobic nature of essential oils can limit their interaction with bacteria in an aqueous environment, delaying their bactericidal efficacy and potentially reducing bacterial toxicity (Burt and Reinders, 2003; Ultee et al., 2002). By converting this hydrophobic compound into an oil-in-water (O/W) nanoemulsion, we facilitate the emulsifier particles’ fusion with the bacterial cell membrane’s phospholipid bilayer. This mechanism is anticipated to enhance the targeted delivery of active components to their intended sites and prolong the sustained release of these ingredients from the nanoemulsion particles. Additionally, the electrostatic interaction between the charged particles and microbial cell walls intensifies the accumulation of active ingredients at the site of action, thereby amplifying therapeutic outcomes.

In this research, the novel Cin-RHL-NE formulation not only improved Cin’s solubility and stability but also demonstrated superior performance in eradicating both planktonic MRSA and established biofilms. Scanning Electron Microscopy (SEM) analyses revealed that MRSA cells treated with the formulation displayed roughened membranes with particulates and severe wrinkling, leading to rupture, in stark contrast to the untreated control group. Confocal Laser Scanning Microscopy (CLSM) further illuminated cellular abnormalities in MRSA treated with Cin-RHL-NE, revealing significant cytoplasmic leakage and profound cellular deformities. These findings align with prior research, which highlights how nanoemulsions can dramatically enhance antibacterial efficacy. This heightened efficacy results from the increased surface area and substantial presence of emulsifiers that facilitate intimate interaction with the bacterial cell membrane’s phospholipid bilayer, ultimately impairing cell function (Pan et al., 2023).

Our Cin-RHL-NE formulation, therefore, effectively utilizes nanoemulsion technology to harness Cin’s antimicrobial potential while leveraging RHL’s targeting capability to enhance biofilm penetration and disruption. This represents a sophisticated strategy against MRSA infections. Furthermore, the data conclusively show that the Cin-RHL-NE formulation outperforms Cin-NE in its efficacy against biofilms. Guo et al. (2021) used an alternating solvent crystallization and precipitation (ASCP) technique to create protein/polysaccharide/biosurfactant ternary complexes with RHL. Their report indicated that complexes without RHL had significantly larger particle sizes (821 nm) compared to those with RHL (228 nm). This suggests that RHL inhibits particle aggregation, acting similarly to a conventional denaturant. By inducing proteins or polysaccharides to aggregate into compact clusters, RHL fosters a unique structural organization. Since biofilms primarily consist of proteins, polysaccharides, and extracellular DNA, RHL’s ability to modulate protein and polysaccharide aggregation confers a targeting potential.

A principal limitation remains in the as-yet-undefined mechanisms underlying the Cin-RHL-NE’s ability to dismantle MRSA biofilms. Nonetheless, this study posits Cin-RHL-NE as a promising candidate for biofilm eradication, showing potential both in vitro and, hypothetically, in vivo. Its ability to infiltrate biofilm architecture and dismantle these resilient structures addresses a critical challenge in MRSA biofilm management and may help alleviate antibiotic resistance by exploring alternative therapeutic approaches.


4.1 Resource identification initiative

To take part in the Resource Identification Initiative, please use the corresponding catalog number and RRID in your current manuscript. For more information about the project and for steps on how to search for an RRID, please click here.
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