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A B S T R A C T   

Diverse drugs have been used for the management of inflammation disorders and pain. However, they present 
many side effects and stimulate the search for new pharmacotherapeutic alternatives. Plant-derived products 
such as copaiba essential oil (CO) offer beneficial pharmacological effects. On the other hand, essential oil’s low 
water solubility and physical instability hinder its in vivo application. Thus, poly-ε-caprolactone (PCL)-based 
nanocarriers have been used to increase their stability and efficacy. This work aimed to encapsulate CO in PCL 
nanocapsules and evaluate their effect on inflammation models and pain. The polymeric nanocapsules loading 
CO (CO-NC) were prepared by nanoprecipitation technique, characterized, and analyzed for their anti- 
inflammatory effect in vitro and in vivo. The results showed that CO-NC presented a spherical shape, 229.3 ±
1.5 nm diameter, and a negative zeta potential (approximately − 23 mV). CO and CO-NC presented anti- 
inflammatory and antioxidant effects by LPS-activated macrophages (J774 cells). In addition, CO-NC signifi
cantly reduced TNF-α secretion (3-fold) compared to CO. In vivo, pre-treatment with CO or CO-NC (50, 100, 200 
mg/kg, intraperitoneal; i.p) reduced the mechanical allodynia, paw edema, and pro-inflammatory cytokines 
induced by intraplantar (i.pl) injection of carrageenan in mice. Specifically, CO-NC (200 mg/kg; i.p.) reduced the 
production of TNF-α similar to the control group. Our results support using polymeric nanocapsules for CO 
delivery in inflammatory conditions.   

1. Introduction 

Inflammation is an immune system response triggered by harmful 
stimuli. During acute inflammatory responses, cellular and molecular 
events efficiently minimize impending injury or infection and contribute 
to restoring tissue homeostasis. However, this response can progress to a 
chronic process, contributing to the pathogenesis of several diseases. 
The inflammatory reaction is recognized by cardinal signs and symp
toms, such as redness, swelling, heat, pain, and loss of tissue function 
(Nathan and Ding, 2010; Chen et al., 2018). Pain is a symptom that leads 
patients to seek medical care (National Institutes of Health, 2019). The 

pharmacotherapeutic arsenal used to control the signs and symptoms of 
inflammation, including pain, comprises non-steroidal anti-inflamma
tory drugs (NSAIDs), steroidal anti-inflammatory drugs, opioids, anti
depressants, and anticonvulsants. Despite being widely used in clinical 
management, these drugs can induce severe adverse effects such as 
myocardial infarction, strokes, and gastrointestinal toxicity (Vyvey, 
2010; Colloca et al., 2017; Schüchen et al., 2018). Therefore, searching 
for new pharmacological alternatives for treating patients with inflam
matory and painful conditions is necessary. 

In this context, natural products are essential for developing new 
drugs. The Brazilian ecosystem has a diversity of medicinal plants that 
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operate as a source of identifying pharmacologically active substances, 
which may act as an alternative for treating patients with different 
pathological conditions (Boufridi and Quinn, 2018). Among the plants 
used by the Brazilian population, the copaiba stands out. Many studies 
have demonstrated the anti-inflammatory and antinociceptive activities 
of copaiba oil-resin in different experimental models, including acute 
inflammation induced by zymosan and LPS (Veiga-Júnior et al., 2007), 
abdominal writhing induced by acetic acid, formalin test, tail-flick test, 
and hot plate test (Gomes et al., 2007). More recently, the copaiba 
essential oil (CO) has been studied as an anti-inflammatory, and sup
pression of pro-inflammatory cytokines IL-6, IL-1β, and IL-8 were seen in 
LPS-stimulated RAW 264.7 macrophages. However, its anti- 
inflammatory effects in vivo are lacking. The anti-inflammatory effect 
is attributed to the presence of sesquiterpenes such as β-caryophyllene, 
α-copaene, and α-humulene, which were associated with anti- 
inflammatory activities (Destryana et al., 2014; Dahham et al., 2015; 
Ames-Sibin et al., 2018; Urasaki et al., 2020a, 2020b). Despite the 
promising application of CO, essential oils are a mixture of volatile and 
lipophilic substances that present water insolubility, susceptible to 
degradation by physical and chemical agents (Flores et al., 2011). 
Therefore, encapsulating essential oil into polymeric nanocapsules can 
be an alternative to overcome these inconveniences (Reis et al., 2006a, 
2006b; Flores et al., 2011; Fraj et al., 2019; Sánchez-Gómez et al., 2022). 

Polymeric nanocapsules (NC) are vesicular nanostructures of an oily 
core surrounded by a polymeric wall. They have advantages such as 
controlled drug release and high encapsulation of lipophilic components 
(Araújo et al., 2019; He et al., 2022; Miceli et al., 2022). Furthermore, 
nano-scaled particles have been found to accumulate in inflamed re
gions preferentially (Collnot et al., 2012; Qi et al., 2019; Beloqui et al., 
2014; Pereira et al., 2009). Poly-ε-caprolactone (PCL) polymer has been 
widely used for developing nanocarriers due to its biodegradability, 
biocompatibility, and controlled drug-release properties as it presents a 
more extended degradation period than other polyester polymers. In 
addition, PCL-NC protects the encapsulated agent (Flores et al., 2011). 
PCL has been formulated as NC-loading hydrophobic components for 
diverse applications such as inflammation and pain treatments. The anti- 
inflammatory effects of PCL-NC containing bullfrog oil and sucupira oil 
were reported in the literature (Amaral-Machado et al., 2021; Miceli 
et al., 2022). The encapsulation of α-terpineol into PCL-NC prolonged 
the antihyperalgesic effect of α-terpineol (Gouveia et al., 2022). The 
encapsulation of CO into PCL-NC was performed by our group and 
embedded into chitosan films (CSF), demonstrating superior mechanical 
properties compared to unloaded CSF and presenting antibacterial ac
tivity (Pinto et al., 2023). Despite these promising results, there is still a 
scarcity of data regarding using PCL-NC encapsulating essential oil, 
especially CO, in the context of inflammation and pain treatment. 
Considering these promising advantages, the present work reports the 
production and characterization of NC loaded with CO. Furthermore, we 
investigated the in vitro and in vivo effects of CO-NC to evaluate whether 
it can be a candidate for managing inflammatory diseases and pain 
conditions. 

2. Materials and methods 

2.1. Materials 

Poly-ε-caprolactone polymer 42,500 Da (PCL), Polysorbate 80 
(Tween 80), Sorbitan monooleate (Span 80), β-caryophyllene (BCAR), 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
dimethylsulphoxide (DMSO), Lipopolysaccharide (LPS, E. coli O111: 
B4), HTAB, o-dianisidine, dexamethasone 21-phosphate disodium salt, 
and λ-carrageenan were acquired from Sigma-Aldrich (BE) and Sigma- 
Aldrich (Brazil). Roswell Park Memorial Institute (RPMI) 1640 me
dium, fetal bovine serum (FBS), penicillin–streptomycin (PEST), Hanks 
balanced salt solution (HBSS), phosphate-buffered saline (DPBS), and 
trypsin-EDTA (0.05 %) were purchased from GibcoTM (Invitrogen, UK). 

Acetone was purchased from Vetec (Brazil). Copaiba essential oil (batch: 
105, CO, Copaifera officinalis, ρ = 0.915 g/ml) was purchased from 
Ferquima Indústria e Comércio Ltda (Brazil). Medium-chain tri
glycerides (Mygliol 812N) were supplied from Sasol (Gmbh, Germany). 
Phenobarbital was purchased from Sanofi Aventis (Brazil). Ketamine 
and xylazine were purchased from Ceva Sante Animale (Brazil). All 
mentioned products were used without further purification. Aqueous 
solutions used in the experiments were produced with ultrapure-grade 
water. All the other chemicals were of analytical grade. 

2.2. Copaifera officinalis essential oil chemical characterization 

The chemical characterization of the Copaifera officinalis essential oil 
was characterized by gas chromatography coupled with a mass spec
trometer (GC-MS QP2010, Shimadzu) and quantified by gas chroma
tography with a flame ionization detector (GC-2014, Shimadzu). The gas 
chromatographic conditions were realized as described by Esteves et al. 
(2023). 

2.3. Nanocapsules preparation 

NC were prepared using a similar methodology as previously re
ported by Araújo et al. (2019). Briefly, the 0.6 % w/v of PCL polymer, 
0.37 % w/v of Span 80, and 2.5 % v/v of CO were dissolved in 20 mL of 
acetone. This mixture was poured into 40 mL of an aqueous solution 
containing 0.75 % w/v of Tween 80 and kept under stirring for 10 min. 
The solvents were removed under reduced pressure to a final volume of 
20 mL of CO-NC. Blank-NC was prepared similarly; however, miglyol 
was added instead of CO. 

2.4. Particle size distribution and zeta potential of CO-NC 

The hydrodynamic diameter and polydispersity (PdI) of NC were 
determined by dynamic light scattering (DLS) in Zetasizer Nano ZS 
(Malvern Instruments, UK) equipped with a 10 mW “red” laser (k =
632.8 nm) and 90◦ fixed angle detector at 25 ◦C room temperature. The 
zeta potential (PZ) was measured in the same equipment by electro
phoretic mobility. Samples were analyzed after 1:20 dilution in ultra
pure water. Values reported are the mean ± standard deviation (SD) of 
three different batches of each NC formulation. 

2.5. Encapsulation efficiency 

The efficiency of the process of β-caryophyllene (BCAR) encapsula
tion in the NC was calculated following Eq. (1), as previously reported 
(Araújo et al., 2019). BCAR encapsulation efficiency (EE%) represents 
the weight percentage of feed BCAR that was encapsulated in the 
process. 

EE% =
cfinalproduct − cultrafiltrateofthefinalproduct

cBCARfeeding (1) 

The amount of BCAR not encapsulated and dissolved in the external 
phase was found in the ultrafiltrate after centrifuging the samples in 
AMICON device (Microcon, 50 kDa MWCO, Millipore®) at 400 × g for 
30 min under tangential flow. The ultrafiltrate (25 μL) was diluted with 
methanol up to 1 mL, then centrifuged, and the supernatant assayed by 
HPLC. The total amount of BCAR in the NC suspension was assessed by 
dissolving 10 μL of NC colloidal suspension in methanol (10 mL), vortex- 
mixed for 2 min, followed by sonication for 30 min to disrupt the NC and 
release the BCAR. Afterward, 1 mL was HPLC injected. The analyses 
were performed in triplicate. 

2.6. HPLC instrumentation and chromatographic conditions 

To quantify the BCAR present in the CO, we used a HPLC method 
using a Shimadzu 20A system with an SPD-20A UV detector set at 210 
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nm. The separation was performed on a C18 column (Nucleodur 100–5 
C18 5 Мm (4 mm × 125 mm) under room temperature. The mobile 
phase was composed of by a mixture of acetonitrile and water (70:30 v/ 
v) (Gaonkar et al., 2016). The system was run in isocratic mode at a 1.2 
mL/min flow rate and the injection volume was 10 µL. The retention 
time of BCAR was approximately 23 min. The assay was linear over the 
BCAR concentration range of 0.1–100 µg/ml. The limits of detection 
(LOD) and of quantification (LOQ) of BCAR were 0.03 µg/ml and 0.1 µg/ 
ml, respectively. The coefficients of variation (CV) for intra and inter- 
assay were within 5 %. 

2.7. Morphological analysis by atomic force microscopy (AFM) and 
transmission electron microscopy (TEM) 

A NC sample of 10 μL (diluted 1:20, v/v in ultrapure water) was 
deposited onto freshly cleaved mica and dried with argon gas. AFM 
analyses were performed at room temperature on Dimension Icon 
multimode AFM (Bruker). The images were obtained in tapping mode 
using soft Tapping® mode AFM probes (RTESPA-150 from Bruker) and 
commercial Si probes (Nanosensors) with cantilevers having a length of 
125 µm, resonance frequencies of 75–98 kHz, spring constants of 
3.0–7.1 N/m, and a nominal tip curvature radius range from 5 to 10 nm 
at a scan rate of 1 Hz. Dimensional analyses were performed using the 
“section analysis” of WSxM 5.0 software (https://www.wsxm.eu/down 
load.html). The ratios between NC diameter/height (D/h) were calcu
lated from the topographical profile from AFM images. 

The morphological analysis was also performed by transmission 
electron microscopy (TEM; Tecnai G2-12 - FEI SpiritBiotwin 120 kV). 
For this analysis, the diluted suspension was deposited in support grid 
and negatively stained with uranyl acetate solution (2 % m/v) for 30 s. 

2.8. In vitro experiments 

2.8.1. Cell culture 
The J774 murine macrophage cell line was kindly donated by Pr. 

Marie-Paule Mingeot (Université Catholique de Louvain, UCLouvain, 
BE). The cells were maintained in RPMI medium supplemented with 10 
% FBS and 1 % of PEST solution and maintained in an incubator hu
midified and saturated with 5 % CO2 at 37 ◦C in 75 cm2 flasks (Corning, 
Lowell, MA, USA). 

2.8.2. Cell viability 
The cytotoxicity of the formulations was assayed by the MTT 

method. Briefly, J774 cells were seeded in 96-well plates at a density of 
20,000 cells/well for 24 h. Then, the cells were exposed to CO-NC, and 
the corresponding unloaded formulation at oil concentrations ranging 
from 3.6 to 1875 µg/mL, which were dispersed in 100 μL of culture 
medium for 4 h (J774 cells). After the medium was removed, the wells 
were washed three times with HBSS. Then, 100 μL of medium containing 
MTT (0.5 mg/mL) was added to each well, and the plate was incubated 
for 3 h in the dark. After this incubation period, the medium was 
removed, and formazan crystals were solubilized with dimethyl sulf
oxide (100 µL per well). The absorbance was measured at 570 nm with a 
Microplate Reader Emax (Molecular Devices, USA). Cell viability was 
expressed in percentage compared to cells incubated without NC. For all 
experiments, controls were carried out in parallel: cells in complete 
medium (100 % viability) and cells in complete medium containing 1 % 
of Triton X-100 (0 % viability). The experiments were performed in 
quadruplicate and three repetitions. The IC50 was calculated using 
GraphPad Prism® version 5. 

2.8.3. Inhibition of TNF-α production from J774 macrophages 
Macrophages were seeded at 100,000 cells/well in 12-well plates 

and allowed to adhere for 24 h. The cells were exposed for 4 h to the 
following formulations: (a) Blank-NC (40 µg/ml), (b) CO-NC (20 µg/ml), 
(c) CO (123 µg/ml). The concentration values were based on the cell 

viability studies (Section 2.8.2). After this period, the medium was 
replaced with a fresh medium supplemented with 0.1 μg/ml of LPS to 
activate the macrophages. Cell-free supernatants were harvested 24 h 
later and stored at − 20 ◦C for cytokine quantitation. TNF-α was assayed 
using a mouse TNF-α uncoated ELISA Kit (Thermofischer, Invitrogen 
Corporation, UK). The absence of cytotoxicity of the different formula
tions on macrophages was also assessed by MTT. 

2.8.4. Quantification of reactive oxygen species (ROS) production 
J774 cells were seeded overnight at 25,000 cells/well in the dark 

using clear bottom 96-well plates. Intracellular levels of ROS were 
measured using 200 μL of 1 mM solution of 2,7-dichlorofluorescein 
diacetate (DCFH-DA) reagent for 40 min at 37 ◦C. Cells were washed 
with DPBS and incubated for 4 h with 100 μL of Blank-NC, CO-NC or CO 
dispersed in a culture medium, preserved from light. Cells were then 
washed once and 100 μL of a 0.03 % v/v hydrogen peroxide solution in 
DPBS was added. The microplate was incubated for 30 min at 37 ◦C in 
the dark at room temperature. The same non-cytotoxic concentrations 
are used in Section 2.8.3 were selected for this study. Fluorescence in
tensity was measured with an excitation wavelength of 485 nm and an 
emission wavelength of 535 nm (Spectrophotometer SpectraMax M2e & 
program SoftMax Pro, Molecular Devices, LLC, USA). Data are expressed 
as the intracellular percentage of ROS compared with oxidized control 
cells (H2O2-activated untreated cells). 

2.9. In vivo study design and anti-inflammatory effect 

2.9.1. Animals 
Female Swiss mice (25–30 g) were used in this study. The animals 

were acclimatized to a room with a 12 light–dark cycle for at least three 
days before the experiment. A room temperature of 27 ◦C, correspond
ing to the thermoneutral zone for mice was used. The study was 
approved by the Ethics Committee on Animal Experimentation of the 
Federal University of Minas Gerais (Protocol 125/2021) and carried out 
according to the ethical guidelines for the investigation of experimental 
pain in conscious animals (Zimmermann, 1983). 

2.9.2. Mechanical allodynia induced by carrageenan 
Mechanical allodynia was measured using an electronic von Frey 

apparatus (Model EFF 301, Insight, Brazil) as previously described 
(Melo et al. 2019). After acclimatization of the animals to the experi
mental apparatus (1 h/day for 3 days), the baseline paw withdrawal 
threshold (PWT; mean of three measurements) of each animal was 
determined and expressed in grams. The division of the ten (10) groups 
for further treatment was done so that the mean baseline PWTs of the 
different experimental groups were similar. On the experimental day, 
carrageenan (600 μg, 30 μL) (group 2) was injected via the intraplantar 
(i.pl.) 30 min after i.p. administration of the vehicle (Tween-80 1 %, 10 
mL/kg, i.p) (group (1) CO-NC (50, 100 or 200 mg/kg) (groups 3,4 and 
5), CO (50, 100 or 200 mg/kg) (group 6, 7, and 8), Blank-NC (group 9), 
or dexamethasone (2 mg/kg) (group 10). 200 mg/ml of CO and its 
equivalent amount in CO-NC was selected for the experiments. The PWT 
of each animal was measured at 2, 4, 6, 24, and 48 h after carrageenan 
injection. 

2.9.3. Evaluation of motor coordination 
The motor coordination of the animals was evaluated on the rota-rod 

apparatus as described by Morais et al. (2018). The animals were trained 
on the apparatus for three days before the experiment. On the experi
mental day, the mice were placed on the rota-rod (14 rpm) and the time 
(s) they spent on it was measured. The cut-off time was 120 s. After 
determination of the baseline values, vehicle (Tween-80 1 %, 10 mL/kg, 
i.p) (group (1), CO-NC (200 mg/kg) (group 2), CO (200 mg/kg) (group 
3), Blank-NC (group 4), phenobarbital (50 mg/kg) (group 5) was 
administered. The animals were tested in the apparatus 0.5, 2, 4, and 6 h 
later. Results were expressed as time (s) spent on the rotating rod. 
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2.9.4. Paw edema induced by carrageenan 
Paw edema was measured with a plethysmometer (Model 7140, Ugo 

Basile, Italy). The baseline volume of the right hind paw was measured. 
Next, the animals were divided into the experimental groups in such a 
way that the mean paw volumes of the different groups were similar. On 
the experimental day, carrageenan (600 μg, 30 μL) (group 2) was 
injected via the intraplantar (i.pl.) 30 min after i.p. administration of 
vehicle (Tween-80 1 %, 10 mL/kg, i.p) (group (1) of CO-NC (50,100 or 
200 mg/kg) (groups 3,4 and 5), CO (50,100 or 200 mg/kg) (group 6, 7, 
and 8), Blank-NC (group 9) or dexamethasone (2 mg/kg) (group 10). 
The paw volume of each animal was again measured at 2, 4, 6, 24 and 
48 h after injection of the inflammatory stimulus. The results were 
expressed as the paw volume change (μL) in relation to the baseline 
values. 

2.9.5. Tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and 
interleukin-6 (IL-6) concentrations in the paw tissue 

Carrageenan (600 μg, 30 μL) (group 2) was injected via the i.pl. 30 
min after i.p. administration of vehicle (Tween-80 1 %, 10 mL/kg, i.p) 
(group (1), CO-NC (200 mg/kg) (group 3), CO (200 mg/kg) (group 4) or 
Blank-NC (group 5). The animals were anesthetized with a mixture of 
ketamine and xylazine (90/9 mg/kg, i.p.) and euthanized by cervical 
dislocation 4 h after carrageenan injection and the paw tissue was 
removed and processed as described by Costa et al. (2022). TNF-α, IL-1β, 
and IL-6 concentrations were measured in the ipsilateral footpad tissue 
using ELISA assays, following the instructions supplied by the manu
facturer (DuoSet kits, R&D Systems, Minneapolis, USA). All samples 
were assayed in duplicate, and the results were expressed as pg/100 mg 
of tissue. 

2.10. Statistical analysis 

The results were presented as mean ± standard error of the mean (S. 
E.M.). Both temporal changes and areas under curves (AUC) were 
shown. AUC was calculated using the trapezoidal rule with the aid of 
GraphPrism 5.0 for Windows software. Differences were evaluated by 
using one-way or two-way ANOVA followed by Newman-Keuls or 
Bonferroni post-hoc. A p < 0.05 was considered significant. Statistical 
analysis was conducted using GraphPrism 5.0 for Windows software. 

3. Results 

3.1. Characterization 

3.1.1. CO and nanocapsules characterization 
In this work, the CO essential oil characterization by GC allowed the 

identification of 90.104 %, showing the sesquiterpenes fraction as the 
most representative in the oil (89.571 %) (Table 1). The β-caryophyllene 
(53.5777 %) was the major compound, followed by α-trans-bergamotene 
(9.3057 %) and α-humulene (8.4750 %). Corroborating the previous 
results, CO presented 55.3 ± 2.3 % of BCAR quantified by HPLC. Pinto 
et al. (2023) and Monteschio et al. (2021) also found that BCAR repre
sents more than 50 % of CO. The particle characterization of Blank-NC 
and CO-NC is summarized in Table 2. Both NC had an average size 
below 250 nm, PdI < 0.3, and negative zeta potential. Regarding size 
and zeta potential, there was a significant difference between Blank-NC 
and CO-NC values, indicating that these parameters were affected by the 
type of oil encapsulated. The encapsulation efficiency ( % EE) of BCAR in 
CO-NC was 74.1 ± 6.0 %. The morphology and diameter of the CO-NC 
were further analyzed by AFM and TEM (Fig. 1). The height and 
phase images showed a spherical shape for the nanocapsules. Analysis of 
the topographical profile (Fig. 1E) indicated a particle average diameter 
and height equal to 198.8 ± 13.1 nm and 18.3 ± 1.3 nm, respectively. 
The diameter/height ratio of 10.9 ± 0.3 is consistent with a fluid inner 
core of these NC, as previously reported for other drug-loaded NC 
studied by our group (Araújo et al., 2015, 2019). TEM images of CO-NC 

were performed to observe the NC structure and morphology, confirm
ing the spherical shape (Fig. 1D) demonstrated in AFM images. 

3.2. In vitro anti-inflammatory and antioxidant studies 

The MTT test was performed to select the appropriate concentration 
for cells’ anti-inflammatory and oxidative stress studies. The IC50 of oil 
(miglyol or CO) was 57, 80, and 30 μg/ml for Blank-NC, CO, and CO-NC, 
respectively (Table 3). The inhibition of TNF-α and ROS production was 
evaluated by comparing the different formulations that were either 
Blank-NC, CO, or CO-NC (Fig. 2). Both CO-based formulations signifi
cantly reduced ROS and TNF-α levels compared to untreated cells and 
Blank-NC (control). In addition, CO-NC provided higher TNF-α inhibi
tion compared to CO, indicating the higher activity of CO when 
encapsulated in NC (Fig. 2B) (p < 0.05). 

3.3. In vivo studies 

3.3.1. Effects of CO-NC and CO on the mechanical allodynia induced by 
carrageenan 

PWT was markedly reduced after i.p. injection of carrageenan 
(baseline = 6.89 ± 0.19 g, 4 h = 2.47 ± 0.17 g; p < 0.001) and Blank- 
NC, used as a control negative (baseline = 6.77 ± 0.25 g, 4 h = 2.98 
± 0,09 g; p < 0.001) (Fig. 3A). As can be seen, CO-NC, CO, and dexa
methasone significantly reduced the mechanical allodynia when 
compared to the control. The maximal effects induced by the dexa
methasone and the highest dose of CO-NC were similar at all times 
evaluated (CO-NC 200 mg/kg, 2 h = 5.67 ± 0.33 g, 4 h = 4.97 ± 0.24 g, 
6 h = 5.28 ± 0.13 g, 24 h = 5.70 ± 0.20 g, 48 h = 6.07 ± 0,08 g; 
dexamethasone 2 h = 5.62 ± 0.20 g, 4 h = 5.40 ± 0.26 g, 6 h = 5.72 ±
0.14 g, 24 h = 5.87 ± 0.14 g, 48 h = 6.30 ± 0.19 g; p < 0.001). 

3.3.2. Effects of CO-NC and CO on the motor coordination 
To investigate whether the inhibition of the nociceptive behavior in 

Table 1 
Chemical characterization of essential oil from Copaifera officinalis by GC-MS 
and GC-FID.   

RT AIcalc AIlit Substances % 

1 20.201 1337 1335 δ-elemene 0.6973 
2 20.712 1349 1348 α-cubebene 0.9516 
3 21.811 1375 1374 α-copaene 5.0381 
5 22.781 1399 1389 β-elemene 0.3371 
6 23.601 1419 1417 β-caryophyllene 53.5777 
7 24.185 1433 1434 γ-elemene 0.6778 
8 24.275 1435 1432 α-trans-bergamotene 9.3057 
10 24.981 1453 1452 α-humulene 8.4750 
11 25.939 1477 1480 Germacrene D 2.6927 
15 26.769 1497 1500 α-muurolene 1.2839 
17 27.23 1509 1505 β-bisabolene 3.7843 
18 27.433 1514 1513 γ-cadinene 0.2525 
19 27.805 1524 1522 δ-cadinene 2.4978 
20 30.074 1582 1582 Caryophyllene oxide 0.5331 
Total 90.1046 
Sesquiterpene hydrocarbons 89.5715 
Oxygenated sesquiterpene 0.5331 

*RT, retention time; AIlit, arithmetic index from literature; AIcalc, arithmetic 
index calculated. 

Table 2 
Physicochemical characterization of the nanocapsules.  

Sample Size (nm) PdI ZP (mV) % EE 

Blank-NC 238.7 ± 4.4b 0.210 ± 0.036a − 31.0 ± 0.7a – 
CO-NC 229.3 ± 1.5a 0.208 ± 0.010a − 22.8 ± 1.2b 74.1 ± 6.0 % 

PdI: polydispersity index; ZP: zeta potential;  % EE: encapsulation efficiency; 
Different letters in the same column indicate a significant difference (p < 0.05). 
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the animals treated with CO-NC or CO is not the result of motor 

incoordination, we evaluated its effect on the time spent by the animals 
on a rotating rod. The time spent was not changed on the rotating rod 
0.5, 2, 4, and 6 h after the administration of drugs (Fig. 4). Phenobarbital 
(50 mg/kg, i.p.) markedly reduced the time mice spent on the rotating 
rod (0.5 h = 12.33 ± 5.12 s, 2 h = 36.33 ± 12.65 s, 4 h = 44.00 ± 14.79 
s, 6 h = 64.33 ± 7.77 s; p < 0.001). 

3.3.3. Effect of CO-NC and CO on the paw edema induced by carrageenan 
I.pl. injection of carrageenan (600 μg, 30 μL) induced marked and 

long-lasting paw edema. All doses of CO-NC (50, 100, 200 mg/kg), as 

Fig. 1. Atomic force microscopy images of CO-NC. Height image (A) (scan size: 10 μm2), phase image (B–C) (scan size: 10 μm2 and 850 nm2, respectively), TEM 
photomicrographs (D) and topographical profile (green line) (E) by the “section analysis” of WSxM 5.0 software showing measurements of NC height and diameter in 
black arrows. The scale bar in (D) equals 500 nm. 

Table 3 
IC50 of Blank-NC, CO and CO-NC on J774 cells.  

Formulation IC50 ± SD (μg/ml) 

Blank-NC 57.2 ± 0.02 
CO 80.1 ± 1.60 
CO-NC 30.0 ± 0.06  

Fig. 2. Evaluation of the anti-inflammatory and antioxidant in LPS-stimulated J774 macrophages. (A) TNF-α quantitation in LPS-activated macrophages. (B) 
Intracellular ROS quantitation in H2O2-stressed macrophages. Data are presented as the mean ± SEM. Different letters indicate statistically significant differences (P 
< 0.05). 
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well as the highest doses of CO (100 and 200 mg/kg) and dexametha
sone (2 mg/kg), reduced the paw edema induced by carrageenan at all 
times evaluated (Fig. 5). Blank-NC, as expected, did not present an 
antiedematogenic effect. 

3.3.4. Effects of CO-NC and CO on cytokines production 
Four hours after i.pl. injection of carrageenan (600 μg, 30 μL), TNF-α, 

IL-1β, and IL-6 concentrations in the paw tissue were increased (Fig. 6). 
Previous (30 min) treatment with CO-NC and CO (200 mg/kg, i.p.) 
reduced IL-1β and TNF-α levels (p < 0.0001). TNF-α concentration was 

reduced only by injection of CO-NC and the concentration of IL-6 was 
not reduced by any treatment (p < 0.0001). 

4. Discussion 

Nanocarriers have been used to protect the encapsulated active and 
target inflammation focus (Amaral-Machado et al., 2021; Miceli et al., 
2022; Beloqui et al., 2014). The use of bioactive lipids in nanocapsules 
resides in their documented anti-inflammatory properties (Miceli et al., 
2022). Thus, we hypothesized that the association of CO and polymeric 
NC could increase the anti-inflammatory effects in experimental models 
of inflammation and pain. The CO chemical composition demonstrated 
that BCAR is the principal constituent, similar to previous reports for 
copaiba essential oil (Urasaki et al., 2020; Destryana et al., 2014). The 
CO-NC obtained by the nanoprecipitation method exhibited a size dis
tribution suitable for parenteral delivery, as they presented a low mean 
size and a monodisperse population (PdI < 0.30) (Table 2). These 
nanocapsule properties are in accordance with Pinto et al. (2023), who 
also encapsulated CO in PCL-NC employing the same nanoprecipitation 
technique. In addition, CO-NC was produced with PCL, an FDA- 
approved polymer for internal use and commonly applied for biomed
ical purposes. Concerning the encapsulation of essential oils, PCL-NC 
has been demonstrated to protect against volatilization (Flores et al., 
2011). Furthermore, Blank-NC and CO-NC formulations exhibited 
negative zeta potential, which can result from the ionization of chemical 
groups on the NC surface (such as carboxylic groups of PCL polymer) or 
ion adsorption. Negative zeta potential values are observed for PCL-NC 
(Miceli et al., 2022; Pinto et al., 2023). According to the literature, 
negative charge nanoparticles close to 200 nm can take advantage of 
greater permeability and retention to accumulate drugs in inflamed 
tissues (Beloqui et al., 2014; Tirosh et al., 2009). In addition, the smaller 
the size of the particles, the greater the surface-to-volume ratio they 
have, which increases their interaction with the cells (Danaei et al., 
2018). An encapsulation efficiency (EE) close to 80 % was obtained 

Fig. 3. Effects of previous (30 min) i.p. administration of the CO-NC (50, 100 or 
200 mg/kg), CO (50, 100 or 200 mg/kg), dexamethasone (2 mg/kg), Blank-NC 
or vehicle on the tactile hypersensitivity induced by i.pl. injection of carra
geenan (Cg; 600 μg). PWT was evaluated 2, 4, 6, 24, and 48 h after carrageenan 
injection. Temporal course (A) and AUC (B). ** and *** significantly different 
from vehicle (p < 0.01 and p < 0.001, respectively). #, ## and ### significantly 
different from carrageenan (p < 0.05, p < 0.01 and p < 0.001, respectively). n 
= 6. 

Fig. 4. Effects of previous (30 min) i.p. administration of the CO-NC (200 mg/ 
kg), CO (200 mg/kg), phenobarbital (50 mg/kg), or vehicle on the time spent 
by mice on the rotating rod. *** significantly different from vehicle (p < 0.001). 
n = 6. 

Fig. 5. Effects of previous (30 min) i.p. administration of the CO-NC (50, 100 or 
200 mg/kg), CO (50, 100 or 200 mg/kg), dexamethasone (2 mg/kg), Blank-NC 
or vehicle on the paw edema induced by i.pl. injection of carrageenan (Cg; 600 
μg). Paw edema was evaluated 2, 4, 6, 24, and 48 h after carrageenan injection. 
Temporal course (A) and AUC (B). *** significantly different from vehicle (p <
0.001). ### significantly different from carrageenan (p < 0.001). n = 6. 
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using BCAR for indirect oil quantification in CO-NC. This result is in 
accordance with Pinto et al. (2023), who obtained EE close to 74 % for 
the same formulation, and with Xavier-Junior et al. (2018), who 
developed chitosan-coated poly(isobutyl cyanoacrylate) nanocapsules 
loading copaiba oil-resin with EE of approximately 74 %. For other PCL- 
NC formulations loading copaiba oil-resin and produced by the nano
precipitation method an EE of 54 % was obtained. However, it was 
produced at 40 ◦C (Rodrigues et al., 2023), which can explain the lower 
EE value compared with the values of this work. EE may be influenced 
by the production methodology, excipients’ chemical nature, and pro
portions. Different techniques, such as AFM and TEM, have been applied 
to the study of nanocapsule morphology and dimensions (Abbas et al., 
2015; Micelli et al., 2022; Xavier-Junior et al., 2018; Amaral-Machado 
et al., 2021). Morphological analysis by AFM suggests a spherical 
shape for CO-NC (Fig. 1) with an average diameter of approximately 199 
± 13 nm. This value is close to the value observed by DLS, 230 nm. In 
addition, when the phase images represented in Fig. 1B and 1C were 
analyzed, some phase differences between the NC core and wall 
confirmed two regions with different viscoelastic properties in the NC 
(Phani et al., 2021). From the topographic profile in the AFM images 
(Fig. 1E), the average D/h ratio of CO-NC was close to 11. These results 
are in accordance with Miceli et al. (2022) and Araújo et al. (2015), who 
obtained a D/h ratio of approximately 10 and 12 for PCL-NC, respec
tively. The higher the D/h value, the more flattened the particle. Ac
cording to the literature, NC deformation can occur due to pressure 
produced by the tip during AFM analysis but also due to the soft nature 
of the NC liquid core (Araújo et al., 2015; Araújo et al., 2019; Miceli 
et al., 2022). This deformation is important since NC should permeate 
through tissue fenestrations in the body. The TEM photomicrographs 
(Fig. 1D) show spherical nanocapsules of size and morphology consis
tent with the results obtained by DLS and AFM, respectively. Further
more, an electron density difference was observed, indicating the 
presence of the polymeric wall (Abbas et al., 2015). 

During inflammation, nanoparticles are internalized by the immune- 
related cells. J774 cells are macrophages that produce various inflam
matory cytokines. Thus, the anti-inflammatory and antioxidant 

potential of CO-NC was evaluated in activated murine macrophages 
(J774 cells). The cytotoxicity of CO and CO-NC was evaluated before 
determining their activities. CO-NC presented higher toxicity when 
compared to CO and blank-NC, respectively. This work obtained an IC50 
of around 80 µg/mL for CO on J774 cells. Destryana et al. (2014) 
demonstrated an IC50 close to 56 µg/mL after 24 h of incubation with 
Copaifera reticulata/langsdorfii essential oil on the macrophage cells 
RAW 264.7. However, the different copaiba species and macrophage 
cells could explain the difference found. The results also showed that CO 
encapsulation into NC increased its activity compared to unloaded CO, 
similar to Miceli et al. (2022), who encapsulated another oil, SO 
(sucupira oil), into PCL NC. This suggests that the phagocytic capacity of 
the cells can be involved as it is known that polymeric NC is actively 
phagocytized (Araújo et al., 2019). 

We found that both CO-formulations exhibited an anti-inflammatory 
effect, similar to Gelmini et al. (2013), who demonstrated TNF-α, IL-1β, 
and IL-6 inhibition by copaiba oil-resin in LPS-stimulated monocyte 
culture (J774 cells). In addition, CO-NC significantly inhibited TNF-α 
secretion (p < 0.05) compared to CO and controls. These results are 
consistent with those published by Huguet-Casquero et al. (2020), who 
found that pre-treatment with the polyphenol oleuropein loaded into 
nanostructured lipid carriers decreased the TNF-α levels after incubation 
with activated J774 cells. However, in their study, unloaded oleuropein 
could not exert any effect, contrary to the results shown here. In parallel, 
CO and CO-NC presented antioxidant activity in activated J774 mac
rophages. These results demonstrate the in vitro potential of CO-NC. 
Thus, its activity was evaluated in an experimental model of inflam
mation and pain. 

The anti-inflammatory profile is supported by demonstrating CO-NC 
effects on mice’s mechanical allodynia and paw edema induced by 
carrageenan. Carrageenan is an inflammatory stimulus derived from 
seaweeds that induces an acute inflammatory reaction after injection, 
which is characterized by increased vascular permeability, the release of 
inflammatory mediators such as cytokines, increased sensitivity to 
thermal and mechanical stimuli, thus contributing to cardinal signs such 
as edema and allodynia (Necas and Bartosikova, 2013; Gregory et al., 

Fig. 6. Effects of previous (30 min) i.p. 
administration of the CO-NC (200 mg/ 
kg), CO (200 mg/kg), Blank-NC or 
vehicle on the production of TNF-α (A), 
IL-1β (B), and IL-6 (C) induced by i.pl. 
injection of carrageenan (Cg; 600 μg). 
Cytokine concentrations in the paw tis
sue were evaluated 4 h after carra
geenan injection. *, ** and *** 

significantly different from vehicle (p <
0.05, p < 0.01 and p < 0.001, respec
tively). # and ## significantly different 
from carrageenan (p < 0.05 and p <
0.01, respectively). n = 6.   
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2013). The highest dose of CO-NC attenuated ongoing mechanical 
allodynia induced by paclitaxel, similar to dexamethasone, a steroidal 
anti-inflammatory drug (Fig. 3), and paw edema (Fig. 5) induced by 
carrageenan. Although antinociceptive data were similar for unloaded 
and loaded CO, it can be noted that only CO-NC at 200 mg/kg reduced 
paw edema, similar to dexamethasone, indicating that encapsulation 
could increase the CO effect. The activities of CO-NC are similar to those 
demonstrated by other groups of researchers for formulation containing 
copaiba oil-resin in models of pain and inflammation. Gomes et al. 
(2007) demonstrated that copaiba oil-resin presented peripheral and 
central antinociceptive activities after oral administration of 30–150 
mg/kg, probably through opioid receptors. Veiga-Júnior et al. (2007) 
also reported an inhibition close to 45 % and 70 % of the leukocyte and 
73 % of the neutrophil accumulation after oral pre-treatment of 100 mg/ 
kg of Copaifera multijuga. Lucca et al. (2018) demonstrated that intra
plantar application of the hydrogel containing nano-emulsified copaiba 
oil-resin attenuated the formalin-induced paw edema in Wistar rats. 

The anti-inflammatory effect seen here is probably associated with 
BCAR as it is the major component of the copaiba essential oil in this 
study. BCAR is a natural sesquiterpene that occurs in essential oils from 
several plants. BCAR can act as a CB2 receptor agonist, expressed in 
many tissues and cells under inflammatory conditions. BCAR attenuated 
mechanical allodynia and reduced inflammatory responses in experi
mental models (Klauke et al., 2014). Ames-Sibin et al. (2018) verified 
the similar anti-inflammatory action of copaiba oil-resin and BCAR on 
arthritic rats after oral administration of 215 and 430 mg/kg. Dahham 
et al. (2015) demonstrated that oral administration of BCAR (50 to 200 
mg/kg) reduced paw edema in carrageenan-induced inflammation, 
similar to our results for CO. As the higher doses of CO-NC and CO used 
in the present study did not significantly modify the time that the ani
mals spent on the rotating rod (Fig. 4), it is unlikely that the reduction in 
the nociceptive threshold induced by these drugs is due to a motor 
impairment or muscle relaxation. 

To evaluate putative mechanisms mediating the antinociceptive and 
anti-inflammatory activities of CO-NC, we investigated its effects on 
inflammatory mediators’ production. The inflammatory reaction 
induced by carrageenan culminates in tissue injury, associated with 
increased production of histamine, serotonin, bradykinin, and prosta
glandins, followed by increased levels of pro-inflammatory cytokines 
such as TNF-α, IL-1β, and IL-6 (Necas and Bartosikova, 2013). CO-NC 
significantly reduced TNF-α production (Fig. 6) corroborating this 
work’s in vitro data (Fig. 2), indicating that encapsulation can increase 
the anti-inflammatory effect. Regarding IL-1β production, CO-NC and 
CO were able to decrease their levels. Studies have shown that copaiba 
oil-resin reduces the production of these cytokines, mainly in different in 
vitro models compared to in vivo. Caputo et al. (2020) demonstrated the 
reduction of IL-4, IL-5, IL-17, and TNF-α in bronchoalveolar lavage fluid 
in experimental-induced allergic asthma after oral administration of 
copaiba-oil resin (50 and 100 mg/kg). These studies are in agreement 
with the present data, where an effective anti-inflammatory effect of 
copaiba essential oil was demonstrated for the first time in paw edema 
induced by carrageenan. To our knowledge, this is the first report of CO- 
NC anti-inflammatory efficacy in different experimental models of 
inflammation and pain. Thus, the results of the present study demon
strate that CO-NC exhibits antiallodynic and higher anti-inflammatory 
effects compared to CO, which may be associated with reduced pro
duction of pro-inflammatory cytokines. 

5. Conclusion 

In this study, nano-encapsulated copaiba essential oil (CO-NC) was 
successfully produced and exhibited suitable physicochemical charac
teristics for delivering bioactive lipids in inflamed cells. In vitro, the 
highest TNF-α inhibition was obtained using CO-NC, which exhibited a 
4-fold decrease compared to unloaded CO. In vivo, only CO-NC 
decreased TNF-α levels induced by carrageenan. Both CO and CO-NC 

demonstrated a similar antinociceptive effect. These results suggest 
that the highest dose of CO encapsulated in NC is effective as an anti- 
inflammatory and are correlated with reduced production of TNF-α 
and IL-1β. Therefore, the CO-NC developed presented promising char
acteristics to treat inflammatory disorders, and further studies are 
necessary to compare this potential with other nanocarriers and 
inflammation models. 
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Fernandes-Pedrosa, M.F., Rocha, H.A.O., Egito, E.S.T., 2021. Anti-inflammatory 
activity of bullfrog oil polymeric nanocapsules: from the design to preclinical trials. 
Int. J. Nanomed. 16, 7353–7367. 

Ames-Sibin, A.P., Barizao, C.L., Castro-Ghizoni, C.V., Silva, F.M.S., Sa-Nakanishi, A.B., 
Bracht, L., Bersani-Amado, C.A., Marcal-Natali, M.R., Bracht, A., Comar, J.F., 2018. 
β-Caryophyllene, the major constituent of copaiba oil, reduces systemic 
inflammation and oxidative stress in arthritic rats. J. Cell. Biochem. 119, 
10262–10277. https://doi.org/10.1002/jcb.27369. 

Araújo, R.S., Garcia, G.M., Vilela, J.M.C., Andrade, M.S., Oliveira, L.A.M., Kano, E.K., 
Lange, C.C., Brito, M., Brandao, H.M., Mosqueira, V.C.F., 2019. Cloxacillin 
benzathine-loaded polymeric nanocapsules: Physicochemical characterization, cell 
uptake, and intramammary antimicrobial effect. Mater. Sci. Eng. C: Mater. Biol. 
Appl. 104, 110006. doi: 10.1016/j.msec.2019.110006. 

Araújo, R.S., Fuscaldi, L.L., Takenaka, I.K.T.M., Vilela, J.M.C., Andrade, M.S., 
Mosqueira, V.C.F., Cardoso, V.N., 2015. Characterization and in vivo evaluation of 
nanocapsules loading 99mTc-MIBI for intramammary study. J. Radioanal. Nucl. 
Chem. 303, 2353–2360. https://doi.org/10.1007/s10967-014-3763-0. 

Beloqui, A., Coco, R., Memvanga, P.B., Ucakar, B., des Rieux, A., Preat, V., 2014. pH- 
sensitive nanoparticles for colonic delivery of curcumin in inflammatory bowel 
disease. Int. J. Pharm. 473, 203–212. https://doi.org/10.1016/j. 
ijpharm.2014.07.009. 

E.P. Pinto et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.ultsonch.2014.10.006
https://doi.org/10.1016/j.ultsonch.2014.10.006
http://refhub.elsevier.com/S0378-5173(23)00567-7/h0010
http://refhub.elsevier.com/S0378-5173(23)00567-7/h0010
http://refhub.elsevier.com/S0378-5173(23)00567-7/h0010
http://refhub.elsevier.com/S0378-5173(23)00567-7/h0010
https://doi.org/10.1002/jcb.27369
https://doi.org/10.1007/s10967-014-3763-0
https://doi.org/10.1016/j.ijpharm.2014.07.009
https://doi.org/10.1016/j.ijpharm.2014.07.009


International Journal of Pharmaceutics 642 (2023) 123147

9

Boufridi, A., Quinn, R.J., 2018. Harnessing the properties of natural products. Annu. Ver. 
Pharmacol. Toxicol. 58, 451–470. https://doi.org/10.1146/annurev-pharmtox- 
010716-105029. 

Caputo, L.S., Campos, M.I., Dias, H.J., Crotti, A.E.M., Fajardo, J.B., Vanelli, C.P., 
Presto, A.C.D., Alves, M.S., Aarestrup, F.M., Paula, A.C.C., Silva Filho, A.A., 
Aarestrup, B.J.V., Pereira Junior, O.S., Corrêa, J.O., 2020. Copaiba oil suppresses 
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