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ABSTRACT 

Antimicrobial resistance, along with fungal contamination, continues to pose significant risks to public health and 

agricultural systems, underscoring the urgent need for novel alternatives. Bioactive compounds derived from 

plants represent a promising source, and their effectiveness may be further improved through nanoformulation 

strategies. This work evaluated the antimicrobial activity of Ocotea indecora essential oil and its corresponding 

nanoemulsion. GC-MS analysis of the essential oil identified sesquirosefuran (91.61%) as the dominant 

compound. An optimized nanoemulsion was developed using a factorial design, producing stable spherical 

nanodroplets with an average size of 79 nm and a PdI of 0.029, demonstrating long-term stability. The essential 

oil inhibited both Gram-positive and Gram-negative bacteria at concentrations of 1-2 mg/mL, whereas the 

nanoemulsion significantly enhanced bactericidal efficacy against Staphylococcus aureus. Conversely, antifungal 

testing showed stronger activity, with the nanoemulsion reducing the minimum inhibitory concentration to 625 

µg/mL against Thielaviopsis ethacetica, thereby enhancing the antifungal performance of the essential oil (2.5 

mg/mL). Microscopic analysis further revealed structural damage, including reduced hyphal thickness and 

disrupted sporulation, indicating decreased fungal virulence. Overall, O. indecora essential oil demonstrates 

notable antimicrobial properties, and nanoemulsification was particularly effective in enhancing antifungal 

activity, with only modest improvements in antibacterial activity. These findings highlight O. indecora derivatives 

as promising natural resources for the development of new antimicrobial therapies. 
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Introduction 

Bacterial and fungal organisms pose serious threats to human health and agriculture, as they act as infectious 

agents, produce toxins, and contaminate food products [1]. Hospital-acquired infections remain particularly 

problematic in clinical environments, especially among neonates and patients in intensive care units, who are 

more susceptible due to their weakened condition and exposure to invasive medical procedures [2]. Members of 

the ESKAPE group, including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., are characterized by pronounced 

antimicrobial resistance, thereby limiting therapeutic options and complicating clinical management [3]. 

Similarly, fungi contribute substantially to global health and economic challenges through their roles in infectious 

diseases, mycotoxin production, and post-harvest spoilage of agricultural products, underscoring the critical need 

for innovative preventive and control strategies [1, 4]. 

The evolutionary adaptation of bacteria and fungi under natural selection has contributed significantly to the 

development of resistance against antimicrobial agents and phytosanitary compounds [5, 6]. In bacterial 

populations, inappropriate antibiotic use, self-medication practices, insufficient therapeutic regimens, and 
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diagnostic delays have collectively increased reliance on broad-spectrum antibiotics, thereby accelerating the 

emergence of resistance [6]. In parallel, fungal organisms have also developed resistance, a process further 

intensified by the long-term and repetitive application of identical agrochemical agents in agricultural systems 

[5]. A notable phytopathogen affecting tropical crops such as pineapple, coconut, banana, sugarcane, and oil palm 

is Thielaviopsis ethacetica Went., which corresponds to the anamorphic stage of Ceratocystis paradoxa (Dade) 

C. Moreau [7, 8]. This situation underscores the urgent need for innovative antimicrobial and phytosanitary 

solutions that are both safe and environmentally compatible, to address the increasing resistance observed in 

clinically relevant bacterial pathogens and fungal agents responsible for substantial agricultural losses worldwide 

[4, 9, 10]. 

Together, these issues highlight the urgent need for alternative strategies that can mitigate microbial contamination 

and infectious diseases while preserving human health, food security, and environmental integrity [11]. Although 

conventional control approaches predominantly depend on synthetic pesticides and chemical additives, their 

associated adverse effects on human health, non-target organisms, and ecosystems have raised increasing global 

concern [12, 13]. In this context, natural products are considered promising alternatives due to their chemical 

diversity and potentially reduced ecological toxicity [14]. Among them, essential oils are complex mixtures of 

secondary metabolites that exhibit antimicrobial properties, acting through mechanisms such as disruption of 

cellular and mitochondrial membranes, disturbance of ion transport processes, and modulation of membrane-

associated receptors and proteins [15-17]. 

Essential oils may also be incorporated into advanced biotechnological systems to enhance their biological 

performance. In this regard, oil-in-water nanoemulsions have emerged as effective delivery platforms, consisting 

of oil droplets dispersed in a continuous aqueous phase, typically 20-200 nm in diameter [18]. These nanosystems 

provide improved physicochemical stability over time and significantly increase the solubility and dispersion of 

hydrophobic bioactive constituents [19]. Such enhanced dispersion promotes more efficient interactions between 

plant-derived compounds and microbial targets, ultimately improving antimicrobial efficacy [20]. 

Ocotea indecora (Shott) Mez (Lauraceae) is a neotropical species endemic to Brazil, commonly known as “canela-

sassafrás” in northern Rio de Janeiro. Prior chemical investigations have identified sesquirosefuran as the 

predominant sesquiterpenoid in the essential oil extracted from leaves collected in this region [21, 22]. The 

biological activity of the leaf essential oil has been previously documented, including acaricidal effects against 

Rhipicephalus (Boophilus) microplus [21] and insecticidal activity against Aedes aegypti, Drosophila suzukii, and 

Dysdercus peruvianus [22-24]. Regarding antimicrobial properties, only one prior study has reported fungistatic 

activity against Aspergillus species [25]. Accordingly, the present work offers an expanded evaluation of the 

antibacterial and antifungal properties of O. indecora essential oil and its oil-in-water nanoemulsion, broadening 

current understanding of its antimicrobial spectrum. By assessing its effects on clinically important bacterial 

strains and agriculturally relevant fungal pathogens, this study aims to position O. indecora as a promising natural 

source of bioactive metabolites and to determine whether nanoemulsion-based delivery enhances its stability and 

antimicrobial performance. 

Materials and Methods  

Plant material 

All research activities involving O. indecora were registered under SisGen (A491A56) and SisBio/ICMBio 

(13659-21). Leaf samples were collected from the Restinga de Jurubatiba National Park (22°12.683′ S, 41°35.283′ 

O), Carapebus, Rio de Janeiro, Brazil. Botanical authentication was performed, and a voucher specimen was 

prepared and deposited in the herbarium of the University of the State of Rio de Janeiro (UERJ), São Gonçalo, 

Rio de Janeiro, Brazil, under code RFFP: 16.873. 

 

Essential oil extraction 

The essential oil was obtained following the protocol described by Pinto et al. [25]. Leaves of O. indecora (581 

g), previously separated from stems, were mechanically macerated with 3 L of distilled water using a blender 

(SPL-052, Spolu-benesse, Itajobi, SP, Brazil). The homogenized mixture was transferred to a 5 L round-bottom 

flask and hydrodistilled for 3 h using a Clevenger-type apparatus. The resulting oil phase was dried with anhydrous 

sodium sulfate (Na₂SO₄, ≥ 99%, Sigma-Aldrich, St. Louis, MO, USA) and stored at −20 °C in amber borosilicate 

vials sealed with polypropylene caps. 
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Essential oil characterization 

The essential oil composition was analyzed according to the procedure of Machado et al. [26], employing two 

chromatographic systems: a GC-MS QP2010 (Shimadzu, Kyoto, Japan) for compound identification and a GC-

2014 (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID) for quantification of relative 

abundance. For analysis, 1 µL of the sample diluted in dichloromethane (1000 ppm, ≥ 99.9%, Sigma-Aldrich, St. 

Louis, MO, USA) was injected at an injector temperature of 260 °C. Helium served as the carrier gas at 1 mL/min, 

with a split ratio of 1:20. The temperature program began at 60 °C and increased to 290 °C at 3 °C/min. Separation 

was achieved using an RTX5 MS column (Restek Corporation, Bellefonte, PA, USA; 30 m × 0.25 mm ID × 0.25 

µm film thickness). Mass spectrometric detection was performed under electron ionization at 70 eV with a scan 

rate of 1 scan/s. The FID detector was maintained at 290 °C. 

Retention indices (arithmetic index, AI) were calculated using a homologous series of n-alkanes (C7–C40) 

analyzed under identical chromatographic conditions. Compound assignment was performed by comparing AI 

values and mass spectra with published literature data [27, 28], supplemented by matching fragmentation patterns 

with the NIST library. Quantification of constituents was performed using GC-FID under identical analytical 

conditions to GC-MS, with relative percentages calculated by normalizing peak areas. 

 

Nanoemulsion preparation and characterization 

Nanoemulsion formulations were produced following Betzler et al. [29], using O. indecora essential oil as the oil 

phase (2–10%, w/w) and Pluronic L-64® (Sigma-Aldrich, St. Louis, MO, USA) as the surfactant phase (10%–

15%, w/w). Initially, the oil phase was incorporated dropwise into the aqueous surfactant solution and mixed for 

1 min using a vortex mixer (KASVI®, São José dos Pinhais, PR, Brazil; K40-1010). The pre-emulsion was then 

subjected to ultrasonic homogenization using a UP100H Ultrasonic Processor (Hielscher®, Teltow, BB, 

Germany) at cycle 1 with amplitudes ranging from 20 to 100 for 1 min. All emulsification steps were carried out 

in an ice bath to minimize thermal effects. 

Before analysis, samples were diluted 1:20 in distilled water and characterized at 25 °C using Dynamic Light 

Scattering (DLS) with a Nanosizer Nano® S90 (Malvern, UK). Measurements included mean droplet size and 

polydispersity index (PdI), and all experiments were performed in triplicate. 

 

Experimental design 23 

A 2³ factorial design based on Betzler et al. [29] was applied using Statistica 12 software to investigate the effects 

of three independent variables: sonication amplitude (20–100), essential oil concentration (2%–10%, w/w), and 

Pluronic L-64 concentration (10%–15%, w/w). The response variables evaluated were mean droplet size (nm) and 

polydispersity index (PdI), to optimize nanoemulsion formation conditions. 

Model adequacy was evaluated through curvature testing, and statistical interpretation was based on the adjusted 

model. The optimized formulation (Ne-OiEO) was subsequently selected for morphological evaluation using 

transmission electron microscopy (TEM; Morgagni 268, FEI, Hillsboro, OR, USA). For sample preparation, the 

nanoemulsion was diluted 1:1 with deionized water, and 5 µL was deposited onto a formvar-coated copper grid. 

The grid was dried for 1 h in a desiccator before TEM imaging. 

 

Nanoemulsion stability 

The optimized nanoemulsion (Ne-OiEO) was prepared in triplicate and stored in amber borosilicate glass vials (5 

mL) with black polypropylene screw caps. Stability was evaluated under three storage conditions: ambient 

temperature (25 °C), refrigeration (8 °C), and accelerated aging in a climatic chamber (42 °C). 

Physicochemical stability was monitored by DLS at predefined intervals: 0, 7, 15, 30, 60, and 90 days post-

preparation. Parameters analyzed included mean droplet diameter (nm) and polydispersity index (PdI). In parallel, 

macroscopic stability was assessed visually, including evaluation of color changes, phase separation, creaming, 

sedimentation, and precipitation throughout the storage period. 

 

Bacterial and fungal strains 

The bacterial collection used in this work originated from the Laboratory of Molecular Epidemiology and 

Biotechnology (LEMB), Fluminense Federal University (Niterói, Rio de Janeiro, Brazil). The panel comprised 

Staphylococcus aureus ATCC 25923 and USA 300, Staphylococcus epidermidis ATCC 122282, Escherichia coli 

ATCC 25922, Enterobacter cloacae ATCC 13047, Pseudomonas aeruginosa ATCC 27853, and Klebsiella 
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pneumoniae ATCC 13883. These strains were preserved in Brain Heart Infusion (BHI) broth containing 10% 

glycerol and maintained at −80 °C. The fungal isolate T. ethacetica E-748 was obtained from the Mycological 

Collection of the Instituto Capixaba de Pesquisa, Assistência Técnica e Extensão Rural (INCAPER, Espírito 

Santo, Brazil), with formal registration under SISGEN (AAA459F). 

 

Antibacterial evaluation 

MIC were determined in triplicate using the broth microdilution technique in accordance with CLSI standard 

M07-A10. Bacterial cultures were first streaked on Mueller–Hinton Agar (MHA) and incubated for 24 h to obtain 

fresh colonies. These colonies were then transferred into 0.85% NaCl solution and adjusted to match a 0.5 

McFarland turbidity standard. 

For testing, O. indecora essential oil was dissolved in 1% DMSO and diluted in 96-well plates containing Mueller–

Hinton Broth (MHB), producing concentrations from 2 mg/mL down to 0.015 mg/mL. Control conditions 

included a blank nanoemulsion (without active oil) and DMSO alone. Vancomycin and ciprofloxacin were used 

as reference antibiotics for Gram-positive and Gram-negative bacteria, respectively. Incubation was performed at 

37 °C for 24 h, after which 20 µL of resazurin indicator was added to visualize bacterial viability. 

To determine MBC values, 10 µL aliquots from wells showing no visible growth were transferred onto MHB agar 

plates divided according to concentration levels. Following a second incubation at 37 °C for 24 h, the MBC was 

defined as the lowest concentration that showed complete absence of colony formation, corresponding to a 99.9% 

reduction in bacterial count. 

 

Antifungal evaluation 

The antifungal assay against T. ethacetica followed the microdilution methodology described by Souza et al. 

(2020) [30] Experiments were performed in sterile 96-well plates containing 100 µL of double-strength Sabouraud 

Dextrose Broth (SDB) and 100 µL of each treatment solution, in duplicate. 

A range of serial concentrations was prepared: 2500–19.53 µg/mL for O. indecora essential oil nanoemulsion 

(Ne-OiEO) and its blank formulation (C-Ne); 10,000–78 µg/mL for O. indecora essential oil (OiEO) solubilized 

in Tween 80; 242–1.8 µg/mL for Tween 80 control (C-EO); and 10–0.07 µg/mL for itraconazole as the positive 

control. Each well was inoculated with 10 µL of fungal suspension (1 × 10⁶ conidia/mL). Fungal growth controls 

contained only SDB with inoculum, while sterility controls consisted of SDB with sterile water. Additional plates 

without inoculum were included to measure background absorbance from each treatment. All plates were 

incubated in darkness at 25 °C for 90 h.  

Fungal proliferation was quantified by measuring absorbance at 630 nm using an automated microplate reader 

(Thermo Plate Reader, Pittsburgh, PA, USA). After incubation, absorbance data were used to calculate percentage 

growth inhibition using Eq. 1. 

 

Fungal inhibition (%) = 100 −
100 × (𝐴630 of treated well−Average 𝐴630 of treatment background absorption)

(𝐴630 of growth well−Average 𝐴630 of medium background absorption)
 (1) 

 

Dose–response relationships were constructed by plotting normalized inhibition percentages against log10-

transformed concentrations (µg/mL, w/v). Essential oil-containing treatments and itraconazole were fitted using 

a nonlinear regression model (Eq. 2), whereas solvent controls followed a linear regression approach (Eq. 3). The 

sigmoidal model incorporated a variable-slope parameter (Hill coefficient, As) to describe the response behavior. 

IC50 and As values were estimated using the Levenberg–Marquardt algorithm within GraphPad Prism v.9.0 

(GraphPad Software, San Diego, CA, USA). 

 

𝑌 =
(100)

1 + 10[𝑙𝑜𝑔(𝐼𝐶50−𝑋)×𝐴𝑠]
 (2) 

Y=mx+b (3) 

 

The MIC was defined as the lowest concentration that prevented visible fungal growth across four replicates and 

corresponded to at least 80% inhibition on the dose–response curve. From these wells, 10 µL aliquots were 

transferred onto potato dextrose agar (PDA) plates and incubated at 25 °C for 50 h under a 12 h light/dark cycle. 

Following transfer, 30 µL of resazurin was added to assess metabolic viability, indicated by a color shift from 
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purple to pink. The Minimum Fungicidal Concentration (MFC) was defined as the lowest concentration at which 

no colony growth and no metabolic activity were detected. All experiments were conducted in triplicate. 

 

Microculture method based on poisoned media 

To evaluate morphological alterations induced by exposure to natural and synthetic compounds, a modified slide-

based microculture technique was employed, allowing visualization of fungal structural changes after treatment 

uptake. Sterile PDA blocks (6 mm × 6 mm) were positioned at both ends of a sterile support. Each block was 

treated with 30 µL of the following formulations: nanoemulsion of O. indecora essential oil at 2500 µg/mL (C1-

Ne-OiEO) and 312 µg/mL (C4-e-OiEO); O. indecora essential oil at 10,000 µg/mL (C1-OiOE) and 1250 µg/mL 

(C4-OiOE); blank nanoemulsion (C-Ne, 2500 µg/mL); Tween 80 (C-EO, 242 µg/mL); and itraconazole (Itra, 10 

µg/mL). 

After a short equilibration period of 10 min, fungal inoculum (10 µL; 7 × 10⁶ conidia/mL) was deposited along 

the edges of both treated and control agar surfaces. Coverslips sterilized in advance were placed over each agar 

segment to provide a surface for fungal attachment and growth. Humidity was maintained by adding 10 mL of 

sterile distilled water onto sterile gauze positioned along the sides of each Petri dish, effectively creating a sealed, 

moist chamber (a second 10 mL addition of sterile water was also applied over the gauze). Plates were then sealed 

and incubated at 25 °C for 96 h under a 12 h light:12 h dark cycle. 

At the end of incubation, fungal development was halted by adding 2 mL of formaldehyde to the gauze in each 

plate, thereby fixing the biological structures for microscopic evaluation. Slides were subsequently examined 

under an Olympus BX43 microscope using 10×, 20×, and 40× objectives, coupled with a QColor 3 imaging 

system (Olympus America Inc., Tokyo, Japan). Morphometric measurements were extracted from captured 

images using ImageJ software version 1.52a [31]. 

Beyond descriptive microscopy based on Mbenoun et al. [32], quantitative morphometric parameters were also 

recorded, including secondary conidia length and width (n = 30), aleurioconidia length and width (n = 20), and 

vegetative hyphal width (n = 20) [32]. Because conidia exhibit an ovoid geometry, surface area (µm²) for both 

secondary conidia and aleurioconidia was calculated using Eq. 4. 

 

𝐴𝑜  (𝜇𝑚2)   =   𝜋 ×
length (𝜇𝑚)

2
×

width (𝜇𝑚)

2
 (4) 

 

For statistical analysis, all datasets were processed in GraphPad Prism v.9.0. Normality of distribution was 

assessed using the Kolmogorov–Smirnov (n = 30) and D’Agostino–Pearson (n > 30) tests, with significance 

defined at P < 0.05. Parametric comparisons were performed using ANOVA, while non-parametric datasets were 

analyzed using the Kruskal–Wallis test followed by appropriate post hoc testing (P < 0.05). The entire 

experimental workflow was conducted in independent duplicate assays. 

Results and Discussion 

Essential oil characterization 

The essential oil (yield: 0.64%, w/w) was analyzed by GC-MS, which enabled the tentative identification of four 

chemical constituents (Figure 1), collectively representing 96.29% of the O. indecora essential oil composition 

(Table 1). The major constituent was the sesquiterpene sesquirosefuran (91.61%), followed by β-farnesene 

(2.95%).  

 

 

 



Martin et al., Nanoemulsified Ocotea indecora Essential Oil: Improved Antifungal and Antimicrobial Performance 

 

 

6 
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3 4 

Figure 1. Chemical constituents of O. indecora essential oil: (1) β-farnesene; (2) sesquirosefuran; (3) 

dendrolasin; and (4) spathulenol. 

 

Table 1. GC-MS and GC-FID profiling of O. indecora essential oil obtained from fresh leaves. 

Peak Retention time (RT, min) AI (Rep) AI (Library) Identified compounds Relative abundance (%) 

1 25.485 1265 1454 β-farnesene 2.95 

2 29.309 1554 1549 Sesquirosefuran 91.61 

3 30.094 1574 1570 Dendrolasin 0.84 

4 30.219 1578 1577 Spathulenol 0.89 

 TOTAL    96.29 

 Sesquiterpene hydrocarbons    2.95 

 Oxygenated sesquiterpenes    93.34 

Abbreviations: RT = retention time; AIrep = reported arithmetic index; AILit = arithmetic index from Adams (2007) or El-sayed (2025). 

 

Experimental design 

The experimental design matrix and responses from the 2³ factorial setup are summarized in Table 2. All 

formulations produced droplet sizes between 72 and 198.5 nm, while polydispersity index (PdI) values ranged 

from 0.029 to 0.287 after preparation. The droplet size distribution profiles are presented in Figure 2. 

Formulations 1–3, 5, and 7–11 showed single-peaked (monomodal) distributions, whereas formulations 4 and 6 

exhibited dual-peaked (bimodal) behavior. 
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Figure 2. Intensity-based droplet size distribution of nanoformulations 1 to 11. Blue, red, and green curves 

correspond to three independent replicates (n = 3) from DLS analysis for formulations 1–8, confirming 

reproducibility. Formulations 9–11 represent center-point replicates of the design, with averaged distributions 

shown in red (9), green (10), and blue (11). 

 

Table 2. Mean droplet diameter (nm) and polydispersity index of O. indecora formulations. 

Formulation Polydispersity index 
Mean droplet 

diameter (nm) 

Independent 

formulation 

variables C 

Independent 

formulation 

variables B 

Independent 

formulation 

variables A 

1 0.107 ± 0.015 178.0 ± 2.8 20.0 10.0 2.0 

2 0.121 ± 0.018 198.5 ± 3.0 20.0 10.0 10.0 

3 0.045 ± 0.020 79.1 ± 11.8 20.0 15.0 2.0 

4 0.248 ± 0.017 157.5 ± 2.2 20.0 15.0 10.0 

5 0.205 ± 0.033 109.8 ± 5.8 100.0 10.0 2.0 

6 0.287 ± 0.026 151.0 ± 3.6 100.0 10.0 10.0 

7 0.029 ± 0.021 72.0 ± 10.4 100.0 15.0 2.0 

8 0.208 ± 0.012 136.3 ± 2.0 100.0 15.0 10.0 

9 0.122 ± 0.020 108.6 ± 6.1 60.0 12.5 6.0 

10 0.081 ± 0.010 90.55 ± 9.4 60.0 12.5 6.0 

11 0.077 ± 0.012 94.45 ± 7.0 60.0 12.5 6.0 

A, essential oil (%, w/w); B, Pluronic-L64 (%, w/w); C, sonication amplitude. 

 

The 2³ factorial design, including curvature evaluation and pure-error analysis, indicated that all independent 

variables (oil content, Pluronic L64 concentration, and sonication amplitude) significantly influenced droplet size 

(P < 0.05), with strong model performance (R² = 0.98; adjusted R² = 0.94). For PdI, significant effects were 
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observed for oil concentration (P = 0.021) and its interaction with amplitude (P = 0.045) (Figure 3). The absence 

of a significant lack-of-fit confirmed that the models adequately represented the experimental behavior. These 

findings demonstrate that all studied factors contribute to droplet size variation, whereas PdI is mainly governed 

by oil concentration with additional interaction effects (BC), reflecting complex nonlinear formulation behavior.  

 

  

a) b) 

Figure 3. Standardized Pareto charts showing factor effects in the 2³ design on (a) droplet size and (b) 

polydispersity index (PdI) of O. indecora nanoemulsions. The vertical line indicates statistical significance (P 

< 0.05). 

 

Response surface analysis revealed clear trends in both responses (Figure 4). Minimum droplet sizes were 

obtained under conditions combining low oil content, high Pluronic L64 concentration, and high sonication 

amplitude, indicating synergistic interactions between formulation and processing parameters (Figures 4a–4c). 

For PdI, reduced values were mainly associated with lower oil concentration, while the combined effects of 

surfactant level and amplitude further improved size uniformity (Figures 4d–4f). Overall, optimal nanoemulsion 

properties were achieved at 2% oil, 15% surfactant, and 100% sonication amplitude. 

 

  

a) b) 

  

c) d) 
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e) f) 

Figure 4. Three-dimensional response surface plots for O. indecora nanoemulsions. Panels (a–c) depict 

droplet size responses: (a) amplitude × oil, (b) Pluronic L64 × amplitude, (c) Pluronic L64 × oil. Panels (D–F) 

show PdI responses under the same variable combinations. The third factor was fixed at its central level (oil = 

6%, Pluronic L64 = 12.5%, amplitude = 60). 

 

Based on optimization results, the selected nanoemulsion (Ne-OiOE; 2% EO, 15% Pluronic L-64, amplitude 100) 

was analyzed using transmission electron microscopy (TEM). At 89,000× magnification, spherical nanodroplets 

predominantly below 120 nm were observed, consistent with DLS measurements. The morphology appeared 

uniform, supporting the low PdI values (0.029 ± 0.021) (Figure 5). 

 

 
Figure 5. TEM micrographs of O. indecora essential oil nanoemulsion (Ne-OiOE) droplets. 

 

Nanoemulsion stability 

At room temperature (25 ± 2 °C), the Ne-OiOE formulation maintained colloidal stability for 90 days, remaining 

visually transparent with a slight bluish hue. Its droplet size distribution remained within 76.56–104 nm, and PdI 

values remained low (0.015–0.058), as summarized in Table 3. When stored under refrigeration (8 ± 2 °C), the 

system became more opaque, developed a milky appearance, and showed increased viscosity over time. This 

behavior is consistent with the thermoresponsive nature of the Pluronic L-64 surfactant system. To maintain 

measurement consistency, refrigerated samples were equilibrated to 25 °C before DLS analysis to restore their 

original transparent blue appearance before evaluation. Under these conditions, the formulation remained overall 

stable for 90 days; however, statistically significant increases in droplet size (78.36–130 nm, P < 0.0001) and PdI 

(0.020–0.210, P < 0.0001) were observed. In contrast, samples kept at elevated temperature in a climatic chamber 

(40 ± 2 °C) showed clear instability, including phase separation (creaming) after 30 days and a continuous increase 

in both droplet size and PdI over time (P < 0.0001).  
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Table 3. Stability behavior of O. indecora nanoemulsion (Ne-OiOE) during 90 days of storage at 25 °C, 8 °C, 

and 40 °C conditions. 

Storage 

time (days) 

40 ± 2 °C  

(PdI) 

40 ± 2 °C  

(Size, nm) 

8 ± 2 °C 

 (PdI) 

8 ± 2 °C  

(Size, nm) 

25 ± 2 °C  

(PdI) 

25 ± 2 °C  

(Size, nm) 

0 0.042 ± 0.008 81.05 ± 10.53 0.020 ± 0.005 78.36 ± 7.99 0.015 ± 0.010 76.56 ± 11.76 

7 0.145 ± 0.023 f 131.3 ± 5.76 e 0.055 ± 0.019 85.20 ± 8.86 0.032 ± 0.011 b 83.46 ± 08.79 

14 0.119 ± 0.010 f 96.83 ± 6.54 0.107 ± 0.013 d 79.11 ± 12.30 0.054 ± 0.017 80.15 ± 10.50 

21 0.154 ± 0.025 f 131.0 ± 6.01 e 0.023 ± 0.004 79.20 ± 10.10 0.051 ± 0.014 73.06 ± 09.82 

30 0.230 ± 0.047 f 199.6 ± 1.81 e 0.034 ± 0.009 73.11 ± 10.28 0.056 ± 0.020 72.36 ± 09.88 

60 0.161 ± 0.021 f 128.8 ± 5.30 e 0.048 ± 0.014 94.84 ± 11.57 0.051 ± 0.013 104.00 ± 04.63 a 

90 0.146 ± 0.040 f 135.9 ± 11.65 e 0.210 ± 0.023 d 122.1 ± 13.11 c 0.058 ± 0.012 71.81 ± 12.26 

a (P = 0.0149); b (P < 0.0003); c (P < 0.0001); d (P < 0.0001); e (P < 0.0001); f (P < 0.0001). 

 

Antibacterial assay 

The antibacterial performance of both the essential oil and its nanoemulsion was assessed through MIC 

determination using a microdilution method (Table 4). No inhibitory activity was detected against Gram-negative 

strains (E. coli, E. cloacae, P. aeruginosa, and K. pneumoniae) at the maximum tested concentration of 2 mg/mL 

for either formulation. In contrast, Gram-positive bacteria were inhibited up to 2048 µg/mL, except for methicillin-

sensitive Staphylococcus aureus (MSSA, ATCC 25923), which was inhibited at 1024 µg/mL by both the essential 

oil and the nanoemulsion. Notably, the nanoemulsion showed a lower bactericidal endpoint (1024 µg/mL) than 

the essential oil (2048 µg/mL). As reference controls, vancomycin inhibited Gram-positive strains at 1 µg/mL, 

while ciprofloxacin showed activity below 3.9 µg/mL against Gram-negative organisms. Neither the blank 

nanoemulsion nor the DMSO control (1%) exhibited antibacterial effects. 

 

Table 4. MIC and MBC values (µg/mL) of O. indecora essential oil (OiEO) and nanoemulsion (Ne-OiOE) 

against bacterial strains. 

Microbial strains 
Ne-OiEO 

(MBC) 

Ne-OiEO 

(MIC) 

OiEO 

(MBC) 

OiEO 

(MIC) 

Staphylococcus aureus ATCC 25923 (MSSA) 1024 1024 2048 1024 

Staphylococcus aureus USA300 (MRSA) 2048 2048 2048 2048 

Staphylococcus epidermidis ATCC 122282 2048 048 2048 2048 

Escherichia coli ATCC 25922 > 2048 > 2048 > 2048 > 2048 

Enterobacter cloacae ATCC 13047 >2048 > 2048 > 2048 > 2048 

Pseudomonas aeruginosa ATCC 27853 > 2048 > 2048 > 2048 > 2048 

Klebsiella pneumoniae ATCC 13883 > 2048 > 2048 > 2048 > 2048 

 

Antifungal assays 

Fungistatic activity 

Antifungal activity of the essential oil (OiEO) and nanoemulsion (Ne-OiEO) was examined using a quantitative 

microdilution approach at different concentrations. After 90 h of incubation, fungal growth was evident in all 

wells containing fungal blank (FB) and negative controls (Tween 80, C-EO, and blank nanoemulsion C-Ne). In 

contrast, no growth was observed in wells treated with OiEO, Ne-OiEO, or itraconazole. The inhibitory response 

of T. ethacetica was further evaluated using dose–response modeling based on vegetative growth suppression 

(Figure 6). Inhibition percentages were calculated by comparing the absorbance values of treated wells with those 

of fungal controls under identical conditions. Variability between experimental plates was observed across all 

treatments, with the strongest reduction in absorbance recorded for the nanoemulsion (Ne-OiEO). 
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a) b) 

  

c) d) 

 

e) 

Figure 6. Dose–response relationships against T. ethacetica. Curves for O. indecora nanoemulsion (Ne-

OiEO, (a), essential oil (OiEO, (b), and itraconazole (Itra, (c) were generated using nonlinear regression with 

normalized inhibition data. Confidence and prediction intervals (95%) are shown as dashed boundaries. 

Controls C-Ne (d) and Tween 80 (C-EO, (e) were modeled using linear regression. Each point represents the 

mean of three replicates, with standard deviation shown as error bars.. 

 

Fungistatic activity was evaluated using established qualitative and quantitative criteria. Both approaches 

indicated that Ne-OiEO inhibited T. ethacetica growth at 625 µg/mL, whereas OiEO required a higher 

concentration of 2500 µg/mL to achieve similar inhibition levels (Table 5). The dose–response models showed 

strong goodness of fit, with R² values ranging from 0.70 to 0.96 and RMSE values between 19.14 and 5.6. IC50 

analysis further demonstrated that the nanoemulsion achieved 50% growth inhibition at concentrations 

approximately three- to five-fold lower than the essential oil (Table 5). However, viability assays with resazurin, 

followed by subculturing onto BDA plates, confirmed that none of the treatments exhibited fungicidal activity 

against the tested pathogen. 

Table 5. Antifungal activity of O. indecora nanoemulsion (Ne-OiEO) and essential oil (OiEO) against Th. 

ethacetica. 

Treatment Fungi RMSE R2 95% IC50 IC50 (µg/mL) b MIC (µg/mL) a 

Ne-OiEO T. ethacetica 12.18 0.90 286.5–363.4 322.7 625 

OiEO T. ethacetica 5.65 0.98 1154–1355 1252.0 2500 

Itraconazole * T. ethacetica 10.4 0.92 0.1532–0.1890 0.1682 0.31 
a: MIC = minimum inhibitory concentration determined by absence of visible growth (qualitative) or ≥ 80% inhibition (quantitative). b: IC50 

= concentration (µg/mL) causing 50% inhibition; 95% CI = confidence intervals (non-overlapping indicates significant difference); IC50 
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derived from nonlinear regression of dose–response curves (three independent experiments); R² = coefficient of determination; RMSE = root 

mean square error. *Itraconazole used as positive control. 

 

Fungal micromorphology 

The development and structural differentiation of T. ethacetica under chemically contaminated nutrient conditions 

were evaluated using the poisoned culture medium method. As an anamorphic fungus, T. ethacetica produces 

multiple reproductive structures, including aleurioconidia and two endoconidial forms, designated primary and 

secondary conidia. Under standard growth conditions on BDA medium at 25 °C for 72 h, the fungus generated 

dark brown, thick-walled, elongated aleurioconidia (aC) averaging 12 × 6 μm. Its vegetative hyphae were smooth, 

hyaline, and measured approximately 3.87 μm in width. Secondary conidia appeared as light brown, ovoid, 

aseptate structures with dimensions of 7 × 4 μm. In addition, chains of cylindrical, transparent primary conidia 

(4.3 × 1.0 μm) were frequently observed. 

Marked morphological interference was observed following exposure to itraconazole and O. indecora essential 

oil (OiEO) (Figure 7a). At 10,000 µg/mL, OiEO severely impaired the formation of both aleurioconidia and 

primary conidia, while at 1250 µg/mL its effect was mainly restricted to suppression of primary conidia (pC). The 

nanoemulsion (Ne-OiEO) also altered fungal morphogenesis in a dose-dependent manner; at 2500 µg/mL it 

inhibited primary conidia development and reduced sporulation of aleurioconidia emerging from short lateral 

phialides (aC-F), whereas at 325 µg/mL the effect was less pronounced. In itraconazole-treated samples, 

secondary spores displaying narrowed vegetative tubes were detected, along with a noticeable reduction in 

mycelial expansion. Statistical analysis (ANOVA) demonstrated significant differences in secondary conidia size 

among all experimental groups (P < 0.05) (Figure 7b). Because hyphal width data violated normality assumptions, 

the Kruskal–Wallis test was employed and confirmed significant treatment-related effects during fungal 

development (P < 0.05). Subsequent Dunn’s post hoc analysis indicated that both Ne-OiEO (325 µg/mL) and 

OiEO (10,000 µg/mL) significantly reduced hyphal thickness relative to the untreated control. Even at the lowest 

concentration level tested (C4), neither Ne-OiEO nor OiEO fully inhibited aleurioconidia production; however, 

significant alterations in their dimensional profiles were still detected (Figure 7d). 

 

 
a) 

  
 

b) c) d) 

Figure 7. Structural analysis of T. ethacetica following exposure to plant-based and chemical treatments via 

absorption assays. Ne-OiEO C1 and C4: O. indecora essential oil nanoemulsion at 2500 µg/mL and 325 
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µg/mL; OiEO C1 and C4: O. indecora essential oil at 10,000 µg/mL and 1250 µg/mL; C-Ne: blank 

nanoemulsion; C-EO: Tween 80; Itra: itraconazole; FB: fungal blank. (a) Composite micrographs depicting 

fungal structures, including vegetative hyphae (vH), aleurioconidia (aC), secondary conidia (sC), primary 

conidia (pC), secondary conidiophore phialides (sC-F), lateral aleurioconidia-forming phialides (f-aC), and 

apical phialides producing primary conidia (pC-F). (b) Quantification of secondary conidia area in T. 

ethacetica. Significant differences: * 0.0186; **** < 0.0001 (Dunnett’s multiple comparisons test, P < 0.05). 

(c) Measurement of hyphal thickness in T. ethacetica; ns: not significant; significant differences ** 0.0037, 

**** < 0.0001 (Dunn’s multiple comparisons test). (d) Measurement of aleurioconidia area in T. ethacetica; * 

0.0129, ** 0.008 (Dunnett’s multiple comparisons test, P < 0.05). 

 

Previous literature has already described the essential oil obtained from O. indecora leaves. Studies conducted 

with specimens collected in the coastal sandbank region of Rio de Janeiro, consistent with the present work, 

confirmed sesquirosefuran as the predominant constituent of the leaf essential oil, with reported proportions 

ranging from 81.41% to 87.00%, as determined by GC-MS and NMR analyses [21, 22, 26, 33]. In contrast, 

samples collected from the Atlantic Forest of São Paulo showed a distinctly different chemical profile, dominated 

by bicyclogermacrene (29.79%), valerianol (15.12%), spathulenol (11.16%), and β-pinene (11.41%) [34]. It is 

important to emphasize that, in the current study, due to the absence of authentic reference standards for GC-MS 

confirmation, compound identification relied on mass spectral matching and retention index comparison with 

library databases; therefore, the assigned constituents should be regarded as putative identifications [35, 36]. 

Variation in plant metabolite profiles is widely recognized, as both biotic and abiotic environmental factors can 

significantly alter the qualitative and quantitative composition of secondary metabolites [37]. These interacting 

influences generate a high degree of metabolic flexibility that reflects plant ecological adaptation, but 

simultaneously complicate the standardization and reproducibility of plant-derived preparations [38]. Within this 

framework, the essential oil from O. indecora leaves collected in the Restinga de Jurubatiba National Park (Rio 

de Janeiro) appears to exhibit a relatively consistent chemical profile, as supported by both the present findings 

and previously published studies [22-26, 33]. 

Despite their biological potential, the practical use of essential oils remains limited due to intrinsic 

physicochemical characteristics such as high volatility and strong lipophilicity, which hinder formulation 

development for pharmaceutical and agricultural applications [19, 39]. As a result, nanoemulsification has become 

a widely explored strategy for improving the delivery of essential oils [40]. This approach enhances application 

performance by improving dispersion in aqueous media, and nanoemulsified systems have also been shown to 

increase biological activity through improved bioavailability, membrane permeation, and absorption efficiency 

[19]. 

For a dispersed colloidal system to be classified as a nanoemulsion, it must generally exhibit droplet diameters 

between 20 and 200 nm and a polydispersity index lower than 0.3, indicating a relatively uniform (monodisperse) 

distribution [41]. In this study, the experimentally obtained nanoformulations displayed droplet sizes ranging from 

72 to 198.5 nm and PdI values between 0.045 and 0.287, which collectively fall within an acceptable nanometric 

range, confirming successful nanoemulsion formation. In addition, the formulations exhibited characteristic 

macroscopic features, including a bluish opalescence, while those with lower essential oil content appeared more 

translucent [42]. 

The outcomes of the factorial design are consistent with earlier reports demonstrating that reduced oil-phase 

concentrations combined with higher surfactant levels decrease interfacial tension and improve surface coverage, 

ultimately producing smaller droplets and narrower size distributions [43]. Similarly, the role of sonication 

amplitude aligns with established principles of ultrasonic emulsification, in which increased energy input 

enhances droplet disruption and reduces the mean particle size [44]. Overall, these results corroborate the literature 

and indicate that optimal nanoemulsion properties are achieved using lower oil content, higher surfactant 

concentrations, and optimized sonication energy, which together favor reduced droplet size and acceptable 

polydispersity [45]. 

Stability assessment of Ne-OiEO revealed that formulations stored for 90 days at room temperature (25 °C) and 

under refrigeration (8 °C) maintained physical integrity without evident destabilization. Conversely, storage at 42 

°C induced instability, likely due to partial dehydration of the hydrophilic polyethylene oxide (PEO) segments of 

Pluronic-L64 at the droplet interface, thereby weakening steric stabilization [18]. Under elevated-temperature 

conditions, enhanced Brownian motion, combined with reduced continuous-phase viscosity, promoted increased 
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droplet collisions and accelerated creaming, in agreement with Stokes’ law [46]. Additionally, higher temperatures 

facilitate Ostwald ripening, in which molecular diffusion from smaller droplets to larger ones promotes particle 

growth and phase separation [47]. Collectively, these mechanisms reflect the inherent thermodynamic instability 

of nanoemulsions and highlight the effectiveness of Pluronic L64 in stabilizing O. indecora essential oil systems 

at lower temperatures. 

Both O. indecora essential oil (OiEO) derived from leaves and its nanoemulsion (Ne-OiEO) exhibited 

antibacterial and bactericidal activity against Gram-positive bacteria at concentrations between 1 and 2 mg/mL. 

Although no previous studies have reported antibacterial activity specifically for O. indecora essential oil, similar 

inhibitory ranges have been documented for essential oils from other Ocotea species against bacterial strains [48-

51]. In the present study, nanoemulsification did not significantly enhance growth inhibition but did improve 

bactericidal efficacy against S. aureus ATCC 25923. This suggests that encapsulation within the nanoemulsion 

matrix likely improved dispersion and bioavailability of lipophilic compounds without altering the minimum 

inhibitory threshold during the 24-hour exposure period, possibly due to controlled or delayed release behavior 

typical of nanostructured delivery systems [20]. 

A key outcome of the present investigation was the notable increase in antifungal potency following 

nanoemulsification. The Ne-OiEO formulation demonstrated fungistatic activity at 625 µg/mL, a concentration 

substantially lower than that required for the non-formulated essential oil (MIC = 2500 µg/mL), confirming that 

nanoemulsion processing enhances antifungal performance. As a benchmark compound, itraconazole exhibited 

an MIC of 0.31 µg/mL, corresponding to approximately a 2016-fold difference in potency relative to the 

nanoemulsion. Similar enhancements in antifungal efficacy have been reported for nanoformulated essential oils 

derived from Myristica fragrans, Bunium persicum, and Zanthoxylum alatum, which also improved inhibition of 

A. flavus and reduced aflatoxin B1 production [9]. Nevertheless, this behavior is not universally consistent across 

studies. For instance, Cruz et al. [52] observed that a nanoemulsion of Lippia gracilis showed reduced antifungal 

activity, with higher MIC values (600 µg/mL) against Thielaviopsis paradoxa than its essential oil (230–260 

µg/mL). Such contradictory evidence indicates that nanoemulsion effects are strongly system-specific, depending 

on oil composition, the target microorganism, the methodological design, and the release dynamics of 

encapsulated compounds [53, 54]. 

Antimicrobial activity in plant extracts is typically dominated by the principal constituent, in this case 

sesquirosefuran; however, the involvement of secondary metabolites such as spathulenol, dendrolasin, and β-

farnesene should also be considered [55]. Oils enriched in spathulenol have repeatedly demonstrated broad 

antibacterial and antifungal properties, reinforcing its role as an active sesquiterpene component [56, 57]. 

Therefore, the overall antifungal and antibacterial effects observed here may arise from combined or synergistic 

interactions among multiple constituents rather than a single dominant compound. 

The morphological traits of T. ethacetica observed in this study closely correspond to earlier descriptions by 

Borges et al. [7], Nascimento et al. [8], and Mbenoun et al. [32], who studied isolates from pineapple and cocoa 

in Cameroon and from sugarcane and oil palm in northern Brazil. Conidial structures are central to fungal survival, 

dissemination, and pathogenicity, making their study essential for disease monitoring and integrated crop 

protection strategies [7, 8, 32]. Although O. indecora essential oil exhibited a fungistatic effect, the present results 

indicate that once internalized by T. ethacetica, it disrupts mycelial expansion, interferes with nutrient uptake, and 

alters hyphal development and propagule formation. In addition, OiEO affected sporulation behavior. At the 

highest concentration tested, both formulations reduced the size of secondary conidia, which are involved in 

disease transmission. Also, they suppressed the development of resistant structures, such as aleurioconidia and 

primary conidia. This suppression is particularly relevant because aleurioconidia contribute to the pathogen’s 

long-term survival in soil, allowing persistence for up to 16 months under adverse conditions [58]. Overall, the 

data support the potential of O. indecora essential oil and its nanoemulsion as promising natural antimicrobial 

candidates. 

Conclusion 

This study investigated the antimicrobial potential of O. indecora essential oil alongside its nanoemulsified form. 

Optimization using a factorial experimental design revealed that formulations with a reduced oil fraction, 

increased surfactant concentration, and higher sonication intensity yielded more stable nanoscale dispersions. 



Martin et al., Nanoemulsified Ocotea indecora Essential Oil: Improved Antifungal and Antimicrobial Performance 

 

 

15 

In antibacterial assays, nanoemulsification produced only a limited improvement in growth inhibition; however, 

it enhanced bactericidal activity against S. aureus. In contrast, antifungal evaluation demonstrated a clearer 

benefit, with the nanoemulsion achieving lower MIC values against T. ethacetica compared to the unformulated 

oil. Both formulations also induced clear morphological disruptions in fungal structures, including impaired 

hyphal integrity and altered sporulation processes. 

Overall, the findings indicate that O. indecora essential oil and its nanoemulsion represent promising bioactive 

systems with potential applications in antimicrobial development, supporting further exploration as natural 

alternatives in medical and agricultural contexts. 
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  Fungal inhibition (%) = 100 −   100 ×  (    A 630  of treated well −  Average    A 630  of treatment background absorption )   (    A 630  of growth well −  Average    A 630  of medium background absorption )


  Y =   ( 100 )  1 +  10   [ l o g ⁡ ( I   C 50 − X ) × A s ]


    A  o    ( 𝜇   m 2 )    =    𝜋 ×   length  ( 𝜇 m ) 2 ×   width  ( 𝜇 m ) 2

