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Introduction
Microbial resistance is a growing global concern, necessitating the development of novel drug delivery system to combat the resistant bacterial strains. We aimed to formulate Eudragit based cinnamon essential oil loaded nanoplatform against resistant microbial strain.
Methods
Nanoparticles were characterized for zeta potential, PDI, particle size, SEM, FTIR, entrapment efficiency and drug release kinetic. Box Behnken design with the quadratic model was used to check the effect of independent factors and dependent factors.
Results and Discussion
The Klebsiella and Staphylococcus aureus have shown same MIC value of 1.25 μL/ml while E. coli and Pseudomonas aeruginosa shown 0.078 and 0.625 μL/ml respectively. Quadratic polynomial equation depicted that stirring speed exhibited negative effect on the PDI, particle size and encapsulation efficiency. The polymer concentration produced positive effect on the particle size, PDI and encapsulation efficiency of the nanoparticles. The predicted response values were as particle size (Y1) 228.9 nm, PDI (Y2) 0.3 and %EE (Y3) 72.75% which were very close to the actual values of response as particle size (Y1) was 230.4 ± 3.46 nm, PDI (Y2) was 0.293 ± 0.022, and %EE (Y3) was 74.9 ± 2.32%. It was concluded that our prepared formulation can be effectively used treat resistant bacterial infections.
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1 INTRODUCTION
Antibiotic resistance occurs when pathogens evolve to resist treatment, increasing the spread of disease, chronic illness, and mortality (Chinemerem Nwobodo et al., 2022). It poses a significant threat to healthcare systems (Sharma, 2021), with projections indicating that by 2050, resistant microorganisms could cause 10 million deaths annually and cost the global economy £64 trillion (Baekkeskov et al., 2020; Dadgostar, 2019). As drug resistance grows and existing antibiotics lose effectiveness, the economic and mortality burdens rise (Saha and Sarkar, 2021). Therefore, there is an urgent need for the discovery and development of novel antimicrobial alternatives from herbal sources.
Nanoparticles have gained significant attention for their small size, sustained action, large surface area, and targeted drug delivery capabilities (Yusuf et al., 2023). They address common issues such as instability, low entrapment efficiency, and drug leakage, making them more efficient in various applications (Kumar et al., 2023). Consequently, their use is rapidly growing across industries including pharmaceuticals, food, agriculture, and cosmetics (Malik et al., 2023).
In the domain of drug delivery systems, different polymers have proven themselves essential for creating nanoplatforms. Biomaterials are classified as biodegradable and non-biodegradable. After discovering these materials, fields like controlled drug delivery, gene therapy, regenerative medicine, and tissue engineering have been revolutionized (Trucillo, 2024). These biomaterials are available in both natural and synthetic forms. Polysaccharides and proteins are natural biopolymers, and poly(meth)acrylate, polycaprolactone, poly(glutamic) acid, etc., are synthetic biopolymers. Synthetic biopolymers have advantages over natural biopolymers, like minimum immunogenicity and ease of modification for specific functions, making synthetic biopolymers more valuable in advanced medical applications (Satchanska et al., 2024). Poly(meth)acrylates are commercially known as Eudragit, a cationic polymer that is synthesized by the polymerization of acrylic and methacrylic acids or their ester (Dos Santos et al., 2021). It has poor aqueous solubility and also used as a film coating material, has sustained release, and has been used in drug delivery applications for the colon, vagina, ophthalmic, transdermal, enteric, gene and vaccine delivery, etc. Eudragit polymers with different grades and properties can be combined with other polymers to develop a novel blend that has the ability to modify the drug release at the target site and improve stability by film coating the formulation (Ullah et al., 2021). Previous studies reported that Eudragit effectively encapsulates and ensures protection of the biological activities of essential oil (Lee and Park, 2015; Mohsen et al., 2023).
Cinnamon essential oil (EO) is used in food preservation (Kacaniova et al., 2021), packaging (Niu et al., 2018), herbal pharmaceuticals (El Atki et al., 2019), and perfumes (Spence, 2024). It contains active compounds like cinnamaldehyde, which is effective in treating various diseases and has been traditionally used for toothaches, urinary tract infections, and stomach irritation (Knauth et al., 2018). Additionally, cinnamon EO is a strong antimicrobial agent (Liao et al., 2021). However, its pharmaceutical use is limited due to chemical instability, volatility, and poor solubility (Weisany et al., 2022). These challenges can be addressed by encapsulating cinnamon EO using methods like emulsification (Dghais et al., 2023), ionic gelation (Subasinghe and Wickramarachchi, 2019), and nanoprecipitation (Lammari et al., 2020). This polymeric encapsulation via nanoprecipitation offers targeted delivery, prolonged retention, and better therapeutic outcomes. This study thus focused on preparing and evaluating a cinnamon EO-loaded Eudragit nanoplatform that would be effective against resistant bacterial strains.
2 METHODOLOGY
2.1 Chemicals, polymers, growth media, and bacterial strains
The chemicals, including polyvinyl alcohol and resazurin (Sigma Aldrich, St. Louis, MO, United States), were purchased commercially, whereas Eudragit L-100 was generously donated by BioLab Islamabad. Cinnamon essential oil extracted in the lab (NPRL) was used as the surfactant (Sigma Aldrich). The bacterial growth media, including nutrient agar (Hi Media, Mumbai, India), tryptic soy broth (Hi Media, Mumbai, India), and Luria–Bertani Broth (LB) (Oxoid, Hampshire, United Kingdom), were obtained commercially. The resistant bacterial strains E. coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Klebsiella pneumoniae were obtained from NPRL, Gomal University, D.I.Khan.
2.2 Essential oil extraction
Cinnamon essential oil was extracted through a hydro distillation method using a Clevenger apparatus with slight modification, as mentioned by Imran et al. (2024). Briefly, cinnamon bark was purchased from the local market (D.I.Khan, KPK, Pakistan). Hundred grams of cinnamon bark was ground and fed into the Clevenger apparatus along with distilled water. In order to extract the essential oil, this operation was carried out for up to 8 h, and after that, the extracted essential oil was separated.
2.3 Preparation of cinnamon EO oil-loaded nanoparticles
Eudragit-based nanoparticles loaded with cinnamon EO were prepared via a standard nanoprecipitation protocol already reported by Jummes et al. (2020). Eudragit was dissolved in methanol, and 200 µL of essential oil was mixed with the polymeric solution. After that, the essential loaded polymeric solution was added dropwise to the surfactant (polyvinyl alcohol) solution with constant stirring. The nanoparticle suspension was stirred for 3 h to completely evaporate the organic solvent.
2.4 Optimization of experimental design
Optimization is a robust approach for developing a precise and accurate formulation with all the properties of an ideal formulation across all aspects. In this study, Design-Expert software (Design-Expert 13®, State Ease Inc., United States) was used to optimize formulation by employing a Box–Behnken design. Three independent variables: stirring speed, surfactant concentration, and polymer concentration, and three dependent variables: particle size, polydispersity index (PDI), and Entrapment Efficiency (%EE) were evaluated for formulation optimization. As outlined in a table (Tables 1, 2), a total of 16 experimental runs were performed for optimal formulation optimization, with inclusion of statistical tools to compare the predicted versus actual values. The selected optimized formulation was subjected to further physicochemical characterization. The final optimized formulation was selected on the basis of desirability factors in relation to the response variables.
TABLE 1 | Factors and responses with formulation parameters.	S.No	Independent variables (factors)
	X1	Stirring speed (rpm)
	X2	Surfactant concentration (%)
	X3	Polymer concentration (gm)
		Dependent variables (responses)
	Y1	Particle size (nm)
	Y2	PDI (%)
	Y3	Entrapment efficiency (%)
		Formulation parameters that were kept constant
	Z1	Methanol 15 mL
	Z2	Oil concentration 200 μL
	Z3	Total volume 55 mL
		Level of significance (α) 0.05


TABLE 2 | Designing independent variables, three factors at three levels with coded and actual values.	Factor levels	Coded values	Actual values
	Stirring speed (X1)	Surfactant concentration (X2)	Polymer concentration (X3)
	Low	−1	300	0.5	200
	Medium	0	600	1	400
	High	+1	900	1.5	600


2.5 Particle size, zeta potential, and polydispersity index
Zeta potential, hydrodynamic particle size, and polydispersity index were determined through a zeta sizer with a standard protocol with slight modification, as reported by Ruiz et al. (2022). Briefly, the average hydrodynamic diameter (z-Average) was obtained by dynamic light scattering. A nanoparticle suspension was diluted 50% with deionized water and fed into the zeta sizer (Malvern Instruments Ltd., United Kingdom). The same dilution was used for determining the ζ-potential and PDI.
2.6 Encapsulation efficiency
Encapsulation efficiency of essential oil-loaded Eudragit nanoparticle was determined using the method reported by Jummes et al. (2020) with a slight modification. The nanoparticle suspension was centrifuged at 6,000 rpm for 20 min to separate the encapsulated essential oil from the free essential oil. The supernatant solution was analyzed for free essential oil using UV spectroscopy. Encapsulation efficiency was determined using the following equation:
%EE=Initial EO−Free EOInitial EO×100.
2.7 In vitro drug release study
The in vitro drug release study was accomplished using the dialysis bag diffusion method, known for its widespread use and flexibility in assessing drug release from nanoplatforms. Concisely, a dialysis bag (MW 12000–14000, Sigma Co, NY, United States) was filled with a 1-mL aliquot of cinnamon-loaded Eudragit nanoparticles, and the ends of the bag were sealed securely using clippers. The bag was immersed in a phosphate buffer (pH 7.4) of 100 mL, and a stirring speed of 100 rpm and a temperature of 32 ± 1°C were maintained during an experiment to mimic skin in vivo conditions. Samples were withdrawn at 1 h, 1.5 h, 2 h, 4 h, 6 h, 8 h, 10 h, and 12 h and evaluated spectrophotometrically at 290 nm (Ullah et al., 2023). Fresh PBS was added in equivalent volumes to maintain consistency. The % cumulative release of cinnamon was calculated in triplicate. The trapezoidal rule was used to measure the release efficiency (% R.E) from the area under the curve at a given time point. % R.E was calculated using the following equation.
% R.E=∫0tY×ⅆtYt×10×100,
where Y = % drug release.
T = time at which % drug is released.
Various mathematical models, including zero-order, first-order, Peppas, and Higuchi models, were used to elucidate the drug release mechanism of cinnamon-loaded Eudragit nanoparticles. Linear regression analysis was performed to find the fitness of each model, and the regression coefficient (R2) was determined to find the suitable model. The model with an R2 value close to 1 implied the best fit. According to the Peppas theory, if the release exponent (n) is smaller than or equal to 0.43, it will follow the Fickian diffusion method. If the n value is greater than 0.43 and smaller than 0.85, the release will follow a non-Fickian or anomalous diffusion process. If the n value is 0.85, it will follow case II transport mechanism, while n greater than 0.85 will follow super case II transport, which is a more complex release mechanism.
2.8 FTIR
FTIR was performed to check the interaction between the active and inactive ingredients of the formulation. The spectra of the cinnamon essential oil, Eudragit, and the cinnamon essential oil-loaded Eudragit-based nanoparticle formulation were determined using ATR-FTIR fitted with an ATR sampling cell (Thermo Scientific, Waltham, MA, United States). A resolution of 4 cm−1 was used to obtain FTIR spectra between 4,000 cm−1 and 400 cm−1. Two scans of each sample were performed, and spectra were obtained using OPUS 9 software (Nawaz et al., 2021).
2.9 Surface morphology
The optimized cinnamon-loaded Eudragit nanoparticles were meticulously evaluated for morphological characterization using a scanning electron microscope (SEM). Prior to SEM analysis, the optimized nanoparticles underwent lyophilization using a freeze dryer (Biobase, Shandong, China). After lyophilization, the optimized cinnamon-loaded Eudragit nanoparticles were carefully mounted onto aluminum stubs and affixed securely using adhesive carbon tape to prevent contamination and particle displacement during analysis. The SEM (Carl Zeiss Inc., Oberkochen, Germany) was operated at an accelerated voltage of 10 KV under high vacuum conditions to capture high-resolution and detailed images. This setup precisely visualizes the morphological characteristics important for understanding the structural and surface qualities of the optimized cinnamon-loaded Eudragit nanoparticles (Hadidi et al., 2020).
2.10 Biological evaluation of essential oil
2.10.1 Inhibition zones (mm)
The zone of inhibition of the cinnamon EO against the bacterial strain was determined through a standard protocol of the disk diffusion method already reported by Al Zuhairi et al. (2020). Briefly, a 10% solution of the cinnamon EO was prepared in DMSO. Then, Mueller–Hinton agar plates were prepared, and a 24-h-old bacterial strain culture matched with 0.5 McFarland turbidity was spread on the plates. A 6-mm disk was put in the center of the plate and soaked with the already prepared 10% solution of the essential oil (10 µL). The plates were then incubated at 37°C for 24 h. Finally, the zone of inhibition was measured.
2.10.2 Minimum inhibitory concentration (MICs)
The minimum inhibitory concentration of the cinnamon EO was determined by the 96-well microplate method with slight modification (Chakansin et al., 2022). Briefly, 50 µL of the nutrient broth was poured into all the wells of the 96-well microplate. After that, 50 µL of the test sample was loaded into the very top well and diluted serially downward. Finally, a 24 h-old bacterial culture (50 µL) was added into each well and incubated for 24 h. The same procedure was adopted for the control with the test sample. After the incubation period, resazurin (0.015%, 10 µL) was added to each well and incubated further for 1 hr. Afterward, the colorimetric method was used to determine MICs.
3 RESULTS AND DISCUSSION
3.1 Optimization of cinnamon-loaded Eudragit nanoparticles
The optimization of cinnamon-loaded Eudragit nanoparticles was performed using a Box–Behnken design to systematically evaluate the effect of factors (independent variables) on various selected responses (dependent variables). The approach involved using 3D surface plots and contour plots to conceive the impact of factors. The interconnection between the variables and responses was mathematically quantified using the polynomial equation, which apprehends the factors’ individual and combined effects on each response. The quadratic model was considered more suitable for all independent variables due to its capacity to maximize the impact on individual and combined analysis. The maximum and minimum levels of material selection were based on prior knowledge of the experimental system and practical constraints. The minimum level (−1) was typically the lowest feasible value of a factor, often representing a baseline or lower experimental condition, while the maximum level (+1) was the highest feasible value, representing the upper bound of the factor’s range. These levels were chosen to explore the factor’s influence effectively within realistic experimental limits. The selected levels ensured meaningful exploration of the system while adhering to practical constraints, including equipment limits and safety. Design-Expert software aided this statistical analysis, including ANOVA to ratify the model fitting for experimental data. Table 3 shows the results in detail for the two-factor interaction (2FI), linear, and quadratic models.
TABLE 3 | Box–Behnken design-based design of experimentation for 16 trial formulations.	Runs	X1	X2	X3	Y1	Y2	Y3
	F1	300	0.5	400	418.7	0.433	80
	F2	300	1	200	198.6	0.275	68.3
	F3	300	1	600	718.7	0.499	85
	F4	300	1.5	400	331.9	0.367	78.5
	F5	600	0.5	200	310.2	0.332	77
	F6	600	0.5	600	511.6	0.483	83
	F7	600	1	400	227.6	0.300	72
	F8	600	1	400	234.5	0.291	75
	F9	600	1	400	221.9	0.312	71
	F10	600	1	400	231.5	0.297	73
	F11	600	1.5	200	332.5	0.376	79.8
	F12	600	1.5	600	457.1	0.422	82
	F13	900	0.5	400	209	0.278	69
	F14	900	1	200	190.6	0.212	66.4
	F15	900	1	600	227.6	0.3	70
	F16	900	1.5	400	268	0.345	75.3


X1, stirring speed (RPM); X2, surfactant concentration (%); X3, polymer concentration (mg); Y1, particle size (nm); Y2, PDI; Y3, entrapment efficiency (%).
Key formulation parameters, such as stirring speed (X1), surfactant concentration (X2), and polymer concentration (X3), were evaluated at three levels: −1 for low, 0 for medium, and 1 for high, for the optimization. The selection of the optimized formulation was based on accomplishing specified criteria, chiefly the smallest particle size, low PDI, and high entrapment efficiency, as analyzed by Design-Expert.
A total of 16 formulations with four central points were analyzed. The smallest particle size of 190.6 nm was ascertained in formulation F14, while the largest particle size of 718.7 nm was observed for formulation F3. The lowest PDI of 0.212 was demonstrated by formulation F14, while formulation F3 showed the highest PDI of 0.499. Formulation F3 showed a %EE of 85%, while formulation F14 demonstrated the lowest %EE of 66.4%. The highest coefficient of determination (R2) value, between 0.9585 and 0.9333, demonstrates a strong correlation between model-predicted and experimental data. Furthermore, the high Predicted Residual Error Sum of Squares (PRESS) value validates the model robustness, as summarized in Table 4.
TABLE 4 | Regression analysis summary for various data fitting models.	Model	R2	Adjusted R2	SD	Mean	% CV	p-value
	Response Y1
	 Quadratic	0.9585	0.8952	46.77	318.10	14.70	0.0018
	 Linear	0.5513	0.4392	108.17	318.10	34.01	0.0187
	 2FI	0.7598	0.5996	91.40	318.10	28.73	0.0189
	Response Y2
	 Quadratic	0.9684	0.9210	0.022	0.3460	6.45	0.0008
	 Linear	0.6017	0.5021	0.056	0.3460	16.18	0.0095
	 2FI	0.7171	0.5286	0.054	0.3460	15.74	0.0361
	 Response Y3
	 Quadratic	0.9333	0.8331	2.30	75.39	3.05	0.0067
	 Linear	0.4792	0.3489	4.54	75.39	6.02	0.0435
	 2FI	0.5959	0.3265	4.62	75.39	6.12	0.1369


Y1, particle size; Y2, PDI; Y3, entrapment efficiency; R2, coefficient of correlation; CV, coefficient of variation.
3.2 Effect of independent factors on particle size (Y1)
In order to fit the response with the experimental data and create a second-order polynomial model as given by the equation below, the size (Y1) (dependent variable) obtained at three distinct independent variables (X1, X2, and X3), respectively, as presented in the model, was subjected to multiple regression analysis. The effects of stirring speed (X1), surfactant concentration (X2), and polymer concentration (X3) effect were checked on dependent variables like particle size. Particle size ranged from 190.6 nm to 718.8 nm. It was observed that the stirring speed exhibited a negative effect on the particle size. Surfactant concentration has a negative effect on particle size at the medium concentration and a positive effect on particle size in low and high concentrations. Eudragit (polymer) concentration had a positive impact on the particle size of the nanoparticles. Moreover, it is clear from the polynomial equation that stirring speed and surfactant concentration (X1X2) have a synergistic effect on the particle size, keeping the polymer concentration constant (Figures 1, 2).
[image: Three contour plots depict particle size in nanometers against different variables. The first plot shows particle size versus stirring speed and surfactant concentration. The second compares particle size with stirring speed and polymer concentration. The third plot contrasts particle size with surfactant concentration and polymer concentration. Each plot uses color gradients to represent variations in particle size.]FIGURE 1 | Effect of independent variables (stirring speed, polymer concentration, and surfactant concentration) on the dependent variable (particle size).[image: Three 3D surface plots show the effects of different variables on particle size. The top left plot depicts polymer vs. surfactant concentration. The top right plot shows polymer concentration vs. stirring speed. The bottom plot illustrates stirring speed vs. surfactant concentration. All plots use color gradients to indicate changes in particle size on the z-axis.]FIGURE 2 | 3D presentation of the effect of independent factors on the particle size.Particle size (Y1) = +228.87–96.64 X1-7.50 X2+110.34X3+36.45 X1X2-120.87 X1X3-19.20 X 2 X 3+4.48 X12 + 73.55 X22 + 100.43 X32
The regression coefficients for the linear, square, and interaction effects are represented by β1 to β9 in Table 5, whereas β◦ denotes the intercept with the y-axis. In the equation, an R2 value of 0.95 showed that the experimental and projected data had a strong correlation with one another. A R2 value of 0.50 or above was considered reasonable, as reported previously (Siagian et al., 2021). The p-values less than 0.05 were considered significant (Di Leo and Sardanelli, 2020) so in this case, X1, X3, X1X3, X22, and X32 are the significant model terms (Table 5).
TABLE 5 | Summary of regression coefficient analysis for response Y1 (particle size).	Coefficients	β0	β1 (X1)	β2 (X2)	β3 (X3)	β4 (X1X2)	β5 (X1X3)	β6 (X2X3)	β7 (X12)	β8 (X22)	β9 (X32)
	Size (nm)	228.87	−96.64	−7.50	110.34	36.45	−120.87	−19.20	4.48	73.55	100.43
	p-value	0.0018	0.0011	0.6661	0.0005	0.1701	0.0021	0.4430	0.8545	0.0199	0.0051


Previous literature revealed that the polymer concentration positively influences the particle size of the nanoparticles (Elmowafy et al., 2021). This tendency, which causes nanoparticles to destabilize and agglomerate, is caused by increased viscous forces that hinder particle disintegration and interfere with appropriate emulsification and stability of nanoparticles (Kiparissides and Pladis, 2022). Surfactant concentration decreases the particle size of the nanoparticles at the optimum concentration. Decreasing or increasing the concentration causes aggregation of the particles, and ultimately, the particle size increases. This behavior is attributed to the fact that at higher concentrations of surfactant, particles aggregate due to the sticky nature of the surfactant, while at lower concentrations, less of the surfactant is available to coat the particles, so larger particles are formed (Routray et al., 2022). The stirring speed significantly influences the particle size of the nanoplatform, possibly because a higher stirring speed is related to a higher energy dissipation in the system (Schwaminger et al., 2020).
3.3 Effect of independent factors on PDI (Y2)
The polydispersity index (Y2) (dependent variable) obtained at three different independent variables, including polymer concentration, surfactant concentration, and stirring speed, was then further subjected to multiple regression analysis to fit the response with the experimental data and to produce a model of a second-order polynomial equation.
PDI Y2=0.3000−0.0531X1−0.0020X2+0.0654X3+0.0332X1X2−0.0305X1X3−0.0262X2X3−0.0113X12+0.0670X22+0.0363X32
PDI (Y2) of the formulation is the measure of the heterogeneity, and PDI<0.3 is considered the optimum range, while values ranging from 0.5 to 1 are considered the acceptable range (Onugwu et al., 2022). The PDI values of different formulations ranged from 0.212 to 0.499, as shown in Table 5. The polynomial equation contour graph and 3D graph show that the stirring speed (X1) has a negative effect on PDI, as previously mentioned by Manisekaran et al. (2022). Surfactant concentration also exhibited a slight negative effect on PDI of the nanoparticles, while polymer concentration showed a positive effect on the PDI of the nanoparticles, as mentioned in the early literature by Nawaz et al. (2021) (Figures 3, 4). An R2 value of 0.9684 in the equation indicated a significant correlation between the projected and experimental data. The regression analysis in Table 8 shows that the model terms having a significant effect on the PDI of the nanoparticles include X1, X3, X1X2, X1X3, X12, and X32, as the p-values of all the mentioned model terms are <0.05 (Table 6).
[image: Three contour plots show PDI variations. Top left: Surfactant concentration versus stirring speed. Top right: Polymer concentration versus stirring speed. Bottom: Polymer concentration versus surfactant concentration. Color gradients range from black to yellow, indicating different PDI levels.]FIGURE 3 | Effect of independent variables (stirring speed, polymer concentration, and surfactant concentration) on the dependent variable (PDI).[image: Three 3D surface plots illustrating the relationship between different variables on the PDI (polydispersity index). Top left plot shows the effect of surfactant and polymer concentrations. Top right plot shows the effect of polymer concentration and stirring speed. Bottom plot shows the effect of surfactant concentration and stirring speed. Each plot includes color gradients representing variations in PDI values.]FIGURE 4 | 3D presentation of the effect of independent factors on PDI.TABLE 6 | Summary of regression coefficient analysis for response Y2 (PDI).	Coefficients	β0	Β1 (X1)	β2 (X2)	β3 (X3)	β4 (X1X2)	β5 (X1X3)	β6 (X2X3)	β7 (X12)	β8 (X22)	β9 (X32)
	PDI	0.3000	−0.053	−0.002	0.0654	0.0332	−0.0305	−0.026	0.011	0.0670	0.0363
	p-value	0.0008	0.0005	0.8083	0.0002	0.0246	0.0340	0.0586	0.3520	0.0010	0.0175


3.4 Effect of independent factors on entrapment efficiency (Y3)
Independent factor (stirring speed, surfactant concentration, and polymer concentration) effects were determined on the encapsulation efficiency (dependent variable) of the nanoparticle formulation. The encapsulation efficacies of the different formulations prepared range from 66.4% to 85%. According to the results of the ANOVA test, the linear model was significant and appropriate for the observed encapsulation efficiency % data. It was shown in the second-order polynomial equation that stirring speed (X1) has a negative effect on the encapsulation efficiency. Increasing the speed of stirring causes shear forces to increase, which may lead to the drug leaking out of the nanoparticles and ultimately lowering the entrapment efficiency of the nanoparticles (Bin-Jumah et al., 2020). Surfactant concentration has a slightly positive effect on the entrapment efficiency of the nanoparticle, as mentioned by Sharma et al. (2016) (Figures 5, 6). The terms of the model with a significant effect on the encapsulation efficiency of the nanoparticle include X1, X3, X1X2, X1X3, X22, and X32 (Table 7). The encapsulation technique not only reduces the evaporation rate of volatile components in EOs, but it also improves the antioxidant and antibacterial activity of these bioactives compared to their free forms as a result of protection against unfavorable effects such as oxygen and temperature (Hadidi et al., 2020). Hadidi and colleagues prepared cinnamon EO-loaded chitosan nanoparticles, and they observed that the encapsulation efficiency ranged from 55.8% to 73.4% (Hadidi et al., 2020).
[image: Three contour plots depict the relationship between encapsulation efficiency (EE%) and different variables. The first plot shows EE% versus surfactant concentration and stirring speed. The second plot illustrates EE% against polymer concentration and stirring speed. The third plot displays EE% in relation to polymer concentration and surfactant concentration. Color gradients indicate variations in EE%, with axes labeled accordingly.]FIGURE 5 | Effect of independent variables (stirring speed, polymer concentration, and surfactant concentration) on the dependent variable (EE).[image: Three 3D surface plots representing different combinations of variables affecting encapsulation efficiency (EE). The plots show EE (%) on the vertical axis and combinations of polymer concentration, surfactant concentration, and stirring speed on the horizontal axes, demonstrating the influence of each variable on EE. Each plot contains a curved colored surface indicating variable relationships, with contour lines projected below.]FIGURE 6 | 3D presentation of the effect of independent factors on EE.TABLE 7 | Summary of regression coefficient analysis for response Y3 (%EE).	Coefficients	β0	Β1 (X1)	β2 (X2)	β3 (X3)	β4 (X1X2)	β5 (X1X)	β6 (X2X3)	β7 (X12)	β8 (X22)	β9 (X32)
	%EE	72.75	−3.76	+0.8250	3.89	1.95	−3.03	0.950	−2.41	5.36	2.34
	p-value	0.0008	0.0005	0.8083	0.0002	0.0246	0.0340	0.0586	0.3520	0.0010	0.0175


The retention rate of cinnamon essential oil (CEO) loaded into chitosan nanoparticles ranged from 55.8% to 73.4%, which was significantly (p < 0.05) affected by the ratio of chitosan/CEO.
EE Y3=+72.75−3.76 X1+0.8250X2+3.69X3+1.95X1X2−3.03X1X3−0.9500X2X3−2.41X12+5.36 X22+2.34X32
3.5 Preparation of optimized cinnamon EO-loaded Eudragit nanoparticles
The optimized cinnamon EO-loaded Eudragit nanoparticles were prepared using the nanoprecipitation method, which was utilized for all 16 trial formulations. The optimized formulation was selected based on parameters approved by Design-Expert®, which evaluated the outcomes of 16 trial formulations by considering the response. The optimized formulation was approved based on achieving a small particle size, low PDI, and high %EE. The final concentrations stated in the optimized formulation are the result of statistical prediction based on experimental data.
Design-Expert® evaluated trial formulations. A formulation with a desirability value of 1 was selected as optimal, as it has all the mentioned properties. The software provided both actual and predicted values for the optimized formulation’s dependent variable (responses). The optimized formulation independent variable values were as follows: stirring speed (X1) was 600 RPM, surfactant concentration (X2) was 1%, and polymer concentration (X3) was 400 mg.
The optimized formulation predicted response values were as follows: particle size (Y1) 228.9 nm, PDI (Y2) 0.3, and %EE (Y3) 72.75%. Upon preparing optimized cinnamon-loaded Eudragit nanoparticles using the values predicted by the software, the ascertained dependent variable (response) values were aligned closely with predicted values. The actual values of optimized cinnamon EO-loaded Eudragit nanoparticles were as follows: particle size (Y1) was 230.4 ± 3.46 nm, PDI (Y2) was 0.293 ± 0.022, and %EE (Y3) was 74.9% ± 2.32%. Moreover, the zeta potential of the optimized formulation was recorded as −23 mV.
The close correspondence of the predicted and actual values confirms the reliability and accuracy of the optimization process. The optimized cinnamon-loaded Eudragit nanoparticles were subjected to further characterization studies, including an in vitro release study followed by kinetic modelling.
3.6 In vitro drug release
The optimal drug carrier should be able to enhance the binding efficiency and extend the release duration. The drug delivery system must have the capacity to contain an adequate amount of the active compound to ensure its extended release at a targeted site, thereby decreasing both frequency and dosage of administration. Figures 7, 8 represents the release profile of cinnamon-loaded Eudragit nanoparticles. These profiles show that cinnamon release from engineered nanoparticles was more sustained than free cinnamon over a 12-h period. Especially, the absence of an initial burst release shows that cinnamon was encapsulated and engrafted within Eudragit L100 rather than barely adsorbing on the polymer surface. These observation findings were aligned with previous research findings (Table 8).
[image: Line graph showing percentage drug release over time in hours. An orange line represents cinnamon, showing a rapid increase to around 84% by the fourth hour. A blue line represents cinnamon-loaded Eudragit nanoparticles, showing a slower, steadier increase to about 77% by the tenth hour. Error bars are included for both data sets.]FIGURE 7 | In vitro release profile of cinnamon and cinnamon-loaded Eudragit nanoparticles.[image: Scatter plot showing a linear relationship between concentration (micrograms per milliliter) on the X-axis and peak area on the Y-axis. Data points are represented by blue dots with a red line of best fit.]FIGURE 8 | Standard curve of the cinnamon EO (R2 value 0.981).TABLE 8 | Different kinetic models applied to optimized cinnamon-loaded nanoparticle release data.	Models	R2	R-adjust	SS	MSC
	Zero-order	0.9495	0.9495	488.86	2.51
	First-order	0.9792	0.9792	201.66	3.404
	Korsmeyer–Peppas	0.9857	0.9836	138.71	3.56
	Higuchi	0.9284	0.9284	693.84	2.17


The kinetic analysis of cinnamon release from optimized cinnamon-loaded Eudragit nanoparticles was conducted. The release data of the optimized formulation did not align well with zero-order, first-order, and Higuchi models. Fitting the release data of optimized formulation to the Peppas model provided a more precise and accurate representation of drug release kinetics. The data were analyzed using the Peppas model, and an n value for optimized cinnamon-loaded Eudragit nanoparticles was determined. The n value of the formulation was 0.74, which indicates non-Fickian and anomalous drug release behavior of the formulation affected by multiple mechanisms, including polymer relaxation, diffusion, and erosion.
3.7 FTIR analysis
FTIR was performed to check for any type of interaction between the active ingredients and the polymer used in the formulation of the nanoparticles. The FTIR spectrum of cinnamon EO (A) is shown in Figure 8, where the peak at 1,679 cm−1 represents the stretching vibration of the carbonyl group (C=O), while those at 1,626 cm−1, 1,450 cm−1, and 1,295 cm−1 represent the stretching vibrations of the C=C, OH of the aromatic ring (Ullah et al., 2022; Yang et al., 2021). The FTIR spectrum of Eudragit L100 displayed several characteristic peaks at 1,700 cm−1 (C O carboxylic acid group vibrations), 1738 cm−1 (esterified carboxyl group vibrations), 1,159 cm−1, 1,180 cm−1, and 1,263 cm−1 (ester vibrations), 1,388 cm−1, 1,475 cm−1, and 2,989 cm−1 (CHX vibrations), and 3,235 cm−1 (OH groups vibrations) (Figure 9) (Hao et al., 2013). There was no new band in the IR spectra of the cinnamon EO-loaded Eudragit L100 nanoparticles, but it appeared to be a combination of the essential oil and polymer, indicating no major chemical interaction of the cinnamon EO with the nanoparticle.
[image: Three infrared spectra labeled A, B, and C show % Transmittance versus Wavenumber (cm⁻¹). A in red has peaks at 2811, 1626, 1679, 1450, 1295, and 1121. B in blue shows peaks at 2991, 1700, 1480, 1247, 1154, 962, and 749. C in black has peaks at 3001, 1710, 1480, 1263, 1158, 962, and 751.]FIGURE 9 | FTIR spectra of (A) cinnamon essential oil, (B) Eudragit L100, and (C) cinnamon essential oil-loaded nanoparticles.3.8 Surface morphology
A scanning electron microscope was used to conduct a morphological analysis of cinnamon-loaded Eudragit nanoparticles synthesized via the nanoprecipitation technique. The SEM examination provided comprehensive details of particle shape, surface texture, overall surface smoothness, and inter-particulate bridging of cinnamon-loaded Eudragit nanoparticles (Figure 10). This particle smoothness indicates a surface structure advantageous to controlled cinnamon release, likely facilitated by diffusion, matrix erosion, and polymer chain relaxation. Additionally, the SEM images also show visible bridging between particles, which may be ascribed to the adhesive properties of the polyvinyl acetate (PVA) used in formulation preparation. Due to the inherent stickiness properties of the PVA, complete removal of PVA from cinnamon-loaded Eudragit nanoparticles proved arduous even after extensive washing.
[image: Graph showing a zeta potential distribution with apparent zeta potential on the x-axis, ranging from negative two hundred to two hundred millivolts, and total counts on the y-axis, up to one hundred forty thousand. The data consists of a single red peak centered near zero millivolts, indicating a narrow distribution.]FIGURE 10 | Zeta potential of the optimized formulation.3.9 Effect of zeta potential
Zeta potential measures the electrical potential at the shear plane between the surface of a particle and the surrounding liquid (Lin et al., 2024). High zeta potential (positive or negative) indicates strong electrostatic repulsion between particles, promoting stability and preventing aggregation. A low zeta potential, conversely, suggests weaker repulsion and a greater tendency for particles to clump together (Doostmohammadi et al., 2011). The zeta potential values of the 16 formulations range from −17.4 mV to −55.6 mV, indicating that all formulations carry a negative surface charge (Figures 11, 12). Most values lie between approximately −17 mV and −27 mV, which suggests moderate electrostatic stability, meaning the formulations are likely to have reasonable dispersion stability due to sufficient repulsive forces preventing particle aggregation (Jiang et al., 2009; Shrestha et al., 2020). Notably, two formulations show significantly higher negative values, at −55.6 mV and −44.6 mV, indicating much stronger surface charge and thus enhanced colloidal stability (Zubir et al., 2015). These formulations are expected to have superior resistance to aggregation and better suspension stability than others (Prakash et al., 2014). Overall, the negative zeta potential across all formulations suggests a favorable electrostatic environment for maintaining dispersion, with the formulations exhibiting stronger negative charges potentially being the most stable (Arshad et al., 2024; Kamble et al., 2022). The predicted zeta potential value of −26.0 mV generated by the software closely aligns with the experimentally calculated value of −23.0 ± 1 mV (Figures 11, 12). This close agreement indicates that the predictive model reliably estimates the surface charge characteristics of the formulation. The minor difference between the predicted and measured values may arise from experimental variability, sample heterogeneity, or limitations in the model’s assumptions.
[image: Graph showing size distribution by intensity, with a red line indicating the data. The x-axis is labeled "Size (d.nm)" ranging from 0.1 to 10,000. The y-axis is labeled "Intensity (Percent)" ranging from 0 to 20. The data peaks sharply around 100 d.nm. A legend indicates "Record 13: 4 1".]FIGURE 11 | Graph of the average size of the optimized formulation of nanoparticles.[image: Four electron microscope images showing particles at different magnifications: top-left at 10,000x, top-right at 15,000x, bottom-left at 20,000x, bottom-right at 30,000x. Scale bars indicate measurements in micrometers.]FIGURE 12 | Scanning electron microscopy of the cinnamon-loaded Eudragit L100-based nanoparticles.3.10 Antimicrobial evaluation
The minimum inhibitory concentration of the cinnamon essential oil was determined using a broth dilution method on a 96-well microplate. It was observed that the MIC of the cinnamon EO against E. coli was 0.078 μL/mL and against Pseudomonas aeruginosa it was 0.063 μL/mL, while against Klebsiella pneumoniae and Staphylococcus aureus, it was the same, at 1.25 μL/mL (Table 9; Figure 13). On the other hand, the antimicrobial activity of prepared formulations (cinnamon essential oil loaded) was determined against S. aureus, Klebsiella, and Pseudomonas aeruginosa, and it was observed that cinnamon essential oil exhibited antibacterial properties. The largest inhibition zones (17 mm) was shown against the E. coli (Table 10; Figure 14). The prepared cinnamon EO-loaded nanoparticles showed more efficacy against Gram-negative bacteria than against Gram-positive bacteria, as reported earlier (Vahedikia et al., 2019). The enhanced antimicrobial effect of the cinnamon essential oil-based nanoemulgel can be attributed to the increased surface area and bioavailability of the essential oil, which facilitates better penetration and interaction with microbial membranes (Liu et al., 2014; Jamir et al., 2024). The nanoemulsion’s small particle size enables a sustained release of active compounds, leading to prolonged antimicrobial activity at the target site (Wang et al., 2021). Additionally, the encapsulation of cinnamon oil within the nanoemulgel matrix protects the active ingredients from degradation, maintaining their potency and improving the overall effectiveness of the formulation (Hosny et al., 2021). Cinnamon EO contains cinnamaldehyde, which disrupts bacterial cell membranes, interferes with ATP synthesis, and inhibits quorum sensing (Shu et al., 2024).
TABLE 9 | Minimum inhibitory concentration of cinnamon essential oil.	Essential oil	Minimum inhibitory concentration (µL/mL)
	E. coli	Pseudomonas	K. P	S. aureus
	Cinnamon essential oil	0.078	0.063	1.25	1.25


[image: Microtiter plate with wells containing different bacterial cultures labeled: E. coli, Pseudomonas, K.P, and S. aureus. Wells exhibit color variations from blue to pink, indicating microbial growth or reactions.]FIGURE 13 | Minimum inhibitory concentration of the cinnamon essential oil against different resistant bacterial strains.[image: Four labeled Petri dishes (A, B, C, D) show bacterial growth patterns with central white discs. Each dish displays varying densities and distributions of bacterial colonies around the discs, indicating different levels of inhibition.]FIGURE 14 | Zone of inhibition of nano formulation against (A) Klebsiella pneumoniae, (B) Staphylococcus aureus, (C) Pseudomonas aeruginosa, and (D) E. coli.TABLE 10 | Zone of inhibition of the cinnamon essential oil-loaded formulation against different bacterial strains.	S/No	Bacterial strain	Zone of inhibition (mm)
	1	E.coli	17
	2	Klebsiella pneumoniae	13
	4	Styphylococcus aureus	10
	5	Pseudomonas aeruginosa	15


Polymers in nanoplatforms play a crucial role in enhancing the efficacy by improving the stability, controlled release, and bioavailability of active compounds. Chitosan and PLGA-based formulations for cinnamon essential oil (CEO) encapsulation show improved stability, controlled release, and antimicrobial effects compared to non-encapsulated oils (Ghaderi-Ghahfarokhi et al., 2017; Hashim et al., 2024). Additionally, they have inherent antimicrobial properties (Ignjatović et al., 2016) that can further contribute to the overall antimicrobial activity of the nanoplatforms and enhance the treatment’s effectiveness against pathogens (Li et al., 2017). However, Eudragit-based formulations provide better encapsulation efficiency and stability due to their enhanced barrier properties, preventing degradation of volatile bioactive compounds like cinnamaldehyde (Patra et al., 2017; Feng et al., 2022). Unlike chitosan or PLGA, Eudragit is more resistant to environmental factors, leading to prolonged release and sustained antimicrobial activity over time (Yurtdaş-Kırımlıoğlu et al., 2020; da Silva et al., 2024). Therefore, Eudragit-based nanoencapsulation offers the best protection and effectiveness for cinnamon essential oil, making it the ideal choice for enhancing both stability and bioavailability.
4 CONCLUSION
This study reports the development of Eudragit-based nanoparticles doped with cinnamon essential oil with the aim of eradicating resistant bacterial strains. Cinnamon essential oil-incorporated Eudragit nanoparticles show a significant zone of inhibition and MIC value against various resistant bacterial strains like E. coli, Klebsiella, Staphylococcus aureus, and Pseudomonas aeruginosa. The different formulations were developed and optimized with Design-Expert software on the basis of particle size, PDI, and entrapment efficiency. Vibrational analysis and surface morphology revealed that nanoparticles show no interaction with active and inactive moieties and are properly doped with cinnamon essential oil, with a smooth and uniform appearance of the formulation. The encapsulation of cinnamon essential oil in nanoparticles leads to more sustained release compared to free cinnamon oil over a 12-h period. Hence, Eudragit-based nanoparticles incorporated with CEO are advocated to be a promising platform for the treatment of resistant bacterial strains.
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