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Background: Although bullfrog oil (BFO) exerts anti-inflammatory effects, it has undesir-
able properties limiting its use.
Methodology: BFO nanocapsules (BFONc) were produced through nanoprecipitation, and 
their physicochemical and morphological properties were characterized. To evaluate the 
biocompatibility of the formulation, a mitochondrial activity evaluation assay was conducted, 
and cell uptake was assessed. The in vitro anti-inflammatory activity was evaluated by 
measuring reactive oxygen species (ROS), nitric oxide (NO), type-6 interleukin (IL-6), and 
tumor necrosis factor (TNF) levels. The in vivo anti-inflammatory effect was assessed by 
quantifying myeloperoxidase (MPO) levels using the carrageenan-induced paw edema model.
Results: BFONc showed a particle size of 233 ± 22 nm, a polydispersity index of 0.17 ± 
0.03, and a zeta potential of −34 ± 2.6mV. BFONc revealed remarkable biocompatibility and 
did not induce changes in cell morphology. Furthermore, BFONc decreased ROS levels by 
81 ± 4%; however, NO level increased by 72 ± 18%. TNF and IL-6 levels were reduced by 
approximately 10% and 90%, respectively. Significant in vivo anti-inflammatory activity was 
observed compared to dexamethasone. MPO levels were reduced up to 2 MPOs/mg.
Conclusion: Taken together, the results pointed out the remarkable biocompatibility and 
anti-inflammatory effects of BFONc.
Keywords: polyunsaturated fatty acids, bullfrog oil, nanocapsules, anti-inflammatory 
activity

Introduction
Polyunsaturated fatty acids (PUFAs), a lipid group that contains a carbon chain 
whose chemical structure is composed of at least 18 carbon atoms, are repre-
sented by omega-3 (α-linolenic, eicosapentaenoic (EPA), and docosahexaenoic 
acids (DHA)) and omega-6 fatty acids series (linoleic and arachidonic acids 
(ARA)). They have been widely used in traditional medicine because of their 
therapeutic potential against several diseases,1,2 especially inflammatory 
disorders.1,3–5

Therefore, several natural products have been used as PUFA sources, including 
marine animal byproducts.6,7 In this context, recent studies have described new 
PUFA sources with potential biological effects and bullfrog oil (BFO), in particular, 
has drawn some attention.8 This oil is a byproduct obtained from hot extraction of 
the adipose tissue, which is discarded during Rana catesbeiana Shaw meat proces-
sing, an anuran meat marketed worldwide.9,10

As a natural oil, BFO has been used as an alternative and complementary 
medicine owing to its anti-inflammatory potential, which is due to its high 
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omega-3 and omega-6 content (up to 26%) as described by 
Amaral-Machado et al and Rutckeviski et al.9,11 

Additionally, studies have found that oleic acid, 
a monounsaturated fatty acid described as the biosynthetic 
precursor of PUFAs, is the major compound (29.9%) in 
BFO. This fatty acid paves the way for PUFA synthesis; 
oleic acid desaturation occurs, linoleic acid is formed and 
can be further desaturated into γ-linolenic acid (omega-6) 
or α-linolenic acid (omega-3). Because these compounds 
are precursors of prostanoids and leukotrienes, which 
modulate the inflammatory process, the therapeutic poten-
tial of BFO against inflammatory disorders has been 
demonstrated.1,5,9

In this regard, studies evaluating BFO anti- 
inflammatory activity have revealed its ability to decrease 
intracellular nitric oxide, type-6 interleukin (IL-6), and 
tumor necrosis factor (TNF) levels in lipopolysaccharide 
(LPS)-stimulated macrophages (Raw 264.7 cells). 
Moreover, in vivo studies have indicated that BFO 
decreased tissue inflammation in Wistar rats and Swiss 
mice as expressively as indomethacin, highlighting the 
anti-inflammatory potential of this oil.8,12 Although they 
provided useful knowledge for further research, these stu-
dies focused only on the activity of BFO in natura. It is 
well known that this oil presents challenging physico-
chemical and organoleptic characteristics, such as unfavor-
able smell, flavor, and spreadability, which contribute 
negatively to therapeutic compliance.9,11,13

In this context, researchers have developed technologi-
cal approaches to overcome the undesirable characteristics 
of BFO.9,13,14 Davim et al evaluated the anti-inflammatory 
activity of BFO in natura and a BFO-based microemul-
sion. This emulsified system theoretically could overcome 
the disadvantages of BFO in natura.8 This microemulsion 
was composed of 90% of BFO, suggesting an oily external 
phase. However, the authors did not characterize the emul-
sified nanostructured system.8 Moreover, based on the 
microemulsion composition (90% BFO, 5% soy lecithin, 
and 5% ethanol at 70%), the reported BFO-based micro-
emulsion was unable to mask the undesirable physico-
chemical and organoleptic characteristics of BFO.

To overcome such drawbacks, there is a need to 
develop a suitable therapeutic system that can mask the 
organoleptic characteristics of BFO, improve its physico-
chemical properties and therapeutic effects, and enable its 
release. Based on this rationale, nanocapsules stand out as 
a promising alternative. These polymeric vesicular nanos-
tructured systems are typically composed of a liquid 

lipophilic core surrounded by a polymeric shell known 
for its high encapsulation efficiency in lipophilic drugs, 
small molecules, and oily compounds, including fatty 
acids.15–17 In addition to natural oils, utilizing biocompa-
tible polymers allows the production of biocompatible 
systems, which will contribute to the therapeutic use of 
nanocapsules owing to their low toxic effects.18

Therefore, this work aimed to develop suitable BFO- 
based nanocapsules for oral administration and evaluate 
their ability to enhance or maintain the anti-inflammatory 
activity of BFO.

Materials and Methods
Griess reagent, lipopolysaccharide (LPS), MTT 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
Bromide) reagent, 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA), Nile red, Hoechst solution, phosphate buffer 
standard (PBS), polycaprolactone (PCL; molecular weight: 
80,000), saponin, dexamethasone, mineral oil, hexadecyltri-
methylammonium bromide buffer, potassium phosphate, 
hydrogen peroxide, o-dianisidine, Span® 60 (sorbitan mono-
oleate 60), and Tween® 80 (polysorbate 80) were obtained 
from Sigma-Aldrich, Inc. (St. Louis, MO, EUA). Analytical- 
grade acetone, dimethyl sulfoxide (DMSO), methanol, and 
ethanol were purchased from Vetec (Rio de Janeiro, RJ, 
Brazil). Dulbecco’s Modified Eagle’s Medium (DMEM) 
and fetal bovine serum (FBS) were obtained from Cultilab 
(São Paulo, SP, Brazil). The murine macrophage cell line 
Raw 264.7 (ATCC® TIB-71™) and bullfrog (Rana catesbei-
ana Shaw) adipose tissue were donated by the Laboratory of 
Biopolymers, Federal University of Rio Grande do Norte 
(UFRN) (Natal, RN, Brazil) and Asmarana Produtos 
Naturais (Natal, RN, Brazil), respectively.

Development of Bullfrog Oil-Based 
Nanocapsules
Bullfrog oil nanocapsules (BFONc) were developed accord-
ing to the interfacial polymer deposition technique following 
the solvent displacement (nanoprecipitation) method 
described by Fessi et al.19 Accordingly, two phases (aqueous 
and organic) were prepared separately. The aqueous phase, 
composed of Tween® 80 (77 mg) and purified water (53 mL), 
and the organic phase, composed of acetone (27 mL), BFO 
(160 mg), PCL (100 mg), and Span® 60 (38 mg), were mixed 
separately under moderate magnetic stirring (200 rpm) at 
40 °C until the compounds were completely dissolved. 
Next, the organic phase was continuously poured into the 
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aqueous phase, followed by homogenization for 10 min 
minimum. The organic solvent was eliminated at 40 °C by 
rotary evaporation (Rotary Evaporator R3; BÜCHI 
Labortechnik AG, Flawil, St. Gallen, CHE). Finally, the 
remaining volume was adjusted to 10 mL using purified 
water.

Physicochemical Characterization – 
Determination of Size Distribution, Zeta 
Potential, and Stability Evaluation of the 
Nanocapsules
Particle size distribution was determined by dynamic light 
scattering (DLS). The samples, diluted at 1:100 (v/v) in pur-
ified water, were previously prepared and analyzed using 
a ZetaSize NanoZS instrument (Malvern Instruments, 
Malvern, UK) pre-calibrated at 25 °C and an angle fixed at 
173° for the particle size and polydispersity index (PdI) read-
ings. Additionally, the electrophoretic mobility of BFONc 
was measured to assess the zeta potential. For this purpose, 
the nanocapsules were diluted (1:500 (v/v)) in a sodium chlor-
ide solution (0.1 mM) to maintain the ionic strength and then 
analyzed at 25 °C. Both size distribution and zeta potential 
analyses were performed in triplicate. Finally, the BFONc 
was stored at room temperature (25 ± 2 °C) and humidity rate 
of 75%, continuously monitored by a thermo-hygrometer and 
then evaluated for physicochemical stability over 30 days 
according to the aforementioned parameters.

Morphological Characterization – 
Transmission Electron Microscopy (TEM) 
of the Nanocapsules
BFONc morphology was evaluated using a JEOL 1400 120 
kV microscope (Peabody, MA, USA). Accordingly, 5 µL of 
nanocapsules, previously diluted in ultra-purified water 
(1:500 (v/v)), was placed in a carbon film-covered grid (400 
mesh) for 1 min, and the excess sample was removed using 
an absorbent paper. Subsequently, the contrast agent (phos-
photungstic acid at 2%) was added and maintained 30 
s. Finally, an Orius camera (Gatan, Pleasanton, CA, USA) 
was used to obtain the micrographs.

In vitro Cytotoxicity/Biocompatibility 
Evaluation of the Nanocapsules
Mitochondrial Activity Evaluation
The MTT assay was performed to evaluate BFONc 
cytotoxicity against a murine macrophage cell line 

(Raw 264.7). The cells were placed in 96-well plates 
(5x104 cells/well) and incubated at 37 ± 2 °C in a 5% 
CO2 atmosphere for 24 h in DMEM supplemented with 
10% of FBS. The BFONc was then diluted in purified 
water to obtain a stock solution at 2 mg.mL−1 of BFO 
concentration. A solution of 2 mg.mL−1 of free BFO, 
dispersed in DMSO aqueous solution (1% (v/v)), was 
also prepared for data comparison. Subsequently, these 
solutions were diluted in DMEM to reach final BFO 
concentrations (50, 100, and 500 µg.mL−1), which 
were then added to the cells, followed by incubation 
for 24 and 48 h. Finally, after each incubation period, 
the medium containing the samples was removed, and 
100 µL of DMEM containing MTT reagent (1 mg.mL−1) 
was added, followed by 4 h of incubation. The formazan 
crystals formed via MTT salt reduction were dissolved 
in analytical grade ethanol (100 µL). The absorbance 
was read using an Elisa Multiskan Ascent Microplate 
Reader (Thermo Labsystems, Franklin, MA, USA) set at 
570 nm. Untreated cells were used as a negative control, 
representing 100% mitochondrial activity and assuming 
100% cell viability. The dispersion of the nanocapsules 
components of the formulation (except the BFO) was 
also tested to evaluate their toxicity. Cell viability was 
determined by the relative absorbance between the 
untreated cells and the samples. This assay was per-
formed in triplicate.

Cells Morphological Evaluation – Cell Uptake of 
Bullfrog Oil Nanocapsules
Fluorescence microscopy was used to observe the cell 
uptake of free BFO and BFONc. For this purpose, RAW 
264.7 cells were placed in 6-well plates (5 × 105 cells/ 
well) for 24 h in DMEM supplemented with 10% FBS 
and subsequently treated with free BFO and BFONc at 
100 µg.mL−1 for 6, 12, and 24 h. The samples were 
previously stained with Nile red fluorescent dye 
(directly solubilized in bullfrog oil) at 0.1% (w/w) (rela-
tive to oil content). After treatment, the cells were 
washed with cold PBS, fixed with methanol (15 min), 
and permeabilized with saponin 0.05% (w/v) aqueous 
solution (15 min). Moreover, the cell nuclei were 
stained with 200 µL of Hoechst staining solution at 
0.1 µg.mL−1 (10 min). After that, the staining solution 
was removed, and 200 µL of cold PBS was added to the 
wells. The cells were visualized using a fluorescence 
microscope (Nikon Eclipse 600 Fluorescence, Tokyo, 
Japan).
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In vitro Anti-Inflammatory Activity 
Evaluation
Measurement of Intracellular Reactive Oxygen 
Species (ROS) Levels
Free BFO and BFONc were tested for their ability to 
prevent intracellular ROS generation. RAW 264.7 cells 
were placed into 24-well plates (cell density: 3×105 cells/ 
well), incubated for 24 h with 10% FBS-supplemented 
DMEM, and then stimulated with LPS for 12 h. After 
that, the medium was replaced with the treatment disper-
sion (free BFO and BFONc) at BFO concentrations of 50, 
100, and 500 µg.mL−1 in DMEM, and the treatment was 
maintained for 24 and 48 h. Subsequently, the treatment 
dispersion was removed, and DCFH-DA 10 µM solution 
in 1% FBS-supplemented DMEM medium was added, 
followed by incubation for 2 h at 37 ± 2 °C and 5% 
CO2. Finally, the cells were washed with cold PBS, 
detached with trypsin, centrifuged at 1840 × g for 6 min 
at 4 °C, and resuspended in 200 µL of PBS. Intracellular 
ROS levels were determined by flow cytometry 
(FACSCanto II; BD Biosciences, OR, USA), with 20,000 
events acquired. Untreated cells were used as negative 
controls. The FlowJo software version X10.0.7 (Tree 
Star, Inc., Ashland, OR, USA) was used for data analysis.

Determination of the Nitric Oxide (NO) Levels from 
Macrophages
The Griess reaction technique was used to determine the 
level of NO released by RAW 264.7 macrophages after 
LPS 2 µg.mL−1 stimulation for 12 h. Briefly, the cells were 
placed in 24-well plates (3 × 105 cells/well) using DMEM 
supplemented with 10% FBS and incubated at 37 ± 2 °C in 
a 5% CO2 atmosphere for 24 h. Next, the cells were 
treated with LPS (at the aforementioned concentration 
and time) to stimulate NO production, as described pre-
viously. The supernatant (100 µL) was incubated with 
Griess reagent (100 µL) for 10 min at room temperature 
(25 ± 2 °C), and the absorbance was subsequently mea-
sured by an Elisa Multiskan Ascent Microplate Reader 
(Thermo Labsystems, Franklin, MA, USA) set at 540 
nm. Untreated cells were used as negative controls. The 
assay was performed in duplicate.

In vitro Evaluation of Anti-Inflammatory Activity of 
Bullfrog Oil Nanocapsules: IL-6 and TNF Dosages
To evaluate the IL-6 and TNF cytokine levels, RAW 264.7 
macrophage cells were cultivated as described in the intra-
cellular ROS level evaluation section. The cells were 

treated with free BFO and BFONc at 50, 100, and 500 
µg.mL−1 for 48 h. Subsequently, cytokine levels were 
determined using a Cytometric Bead Array (CBA) 
Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences, 
San Diego, CA, USA). Briefly, 50 µL of the supernatant, 
kit capture beads, and phytoeretin antibody were incubated 
in the dark for 2 h. Next, 1 mL of wash buffer was added, 
followed by centrifugation at 200 × g for 10 min. Finally, 
the resulting pellet was resuspended in 200 µL of wash 
buffer, and IL-6 and TNF levels were measured using 
a flow cytometer (FACSCANTO II; BD Bioscience, 
Franklin Lakes, NJ, USA). Untreated cells were used as 
negative controls. The assay was performed in duplicate.

In vivo Anti-Inflammatory Effect 
Evaluation
Ethical Protocols and Animal Care for Preclinical 
Trials
Male and female BALB/c mice (25–35 g, aged 5–6 weeks) 
were kept at a temperature of 22 ± 2 °C with a 12-h light/dark 
cycle at the Animal Facility of the Sciences Center Health, 
Federal University of Rio Grande do Norte (UFRN). Each 
group consisted of six animals (n = 6). After the experiments, 
the mice were euthanized via an intraperitoneal injection of 
xylazine (30 mg/kg) and ketamine (300 mg/kg). The Animal 
Experimentation Ethical Committee approved the experi-
mental protocol of the UFRN (N° 184.040/2019), and the 
experiment was conducted according to the National 
Guidelines of Ethical Principles in Animal Research adopted 
by the Brazilian Society of Animal Sciences and the National 
Brazilian Legislation n° 11.794/08.

Anti-Edematogenic Effect Evaluation: 
Carrageenan-Induced Paw Edema Model
The in vivo anti-edematogenic activity of BFO and BFONc 
was examined via the carrageenan-induced paw edema 
model according to a method described by Winter,20 with 
modifications. BFO and BFONc were diluted in inert oil 
(mineral oil) and water to reach the tested concentrations, 
respectively. The mice were pretreated via intragastric 
gavage with 300 μL of saline (negative control), dexametha-
sone (2 mg/kg) (positive control), BFO (50, 100, or 500 mg/ 
kg), and BFONc (50, 100, or 500 mg/kg oil concentration). 
After 1 h, the animals received an intraplantar injection of 50 
µL of 1% λ-carrageenan (500 μg/paw; Sigma-Aldrich, 
St. Louis, Missouri, USA) or saline solution (sham group). 
After carrageenan administration, the paws were measured 
using a digital caliper at 1, 2, 3, and 4 h. Paw edema was 

https://doi.org/10.2147/IJN.S318018                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 7356

Amaral-Machado et al                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


expressed in millimeters (mm) and calculated as the percen-
tage of edema. The areas under the time-course curves 
(AUC0–4h) were also determined using the trapezoidal rule.

Quantification of Myeloperoxidase (MPO) Levels
Following the anti-edematogenic activity assay, the mice 
with carrageenan-induced paw edema were euthanized. 
Their hind paws were removed to determine MPO levels, 
as Bradley et al and Posadas et al described.21,22 Briefly, 
paw skin tissues were weighed, chopped, and homoge-
nized in 0.5% hexadecyltrimethylammonium bromide buf-
fer (1 mL of buffer for each 50 mg of tissue). MPO 
enzyme was extracted by processing the sample in an 
T10 Basic Ultra-turrax at 2000 rpm (IKA, Staufen, 
Germany) for 30 s in an ice bath. Subsequently, the sam-
ples were subjected to three freeze-thaw cycles and soni-
cated for 30 s in the same ultra-turrax apparatus. Finally, 
the samples were centrifuged at 10,000 × g for 10 min at 
4 °C. Next, 20 mL of each supernatant was mixed with 
200 mL of 50 mM potassium phosphate (pH 6.0) supple-
mented with 0.0005% hydrogen peroxide and 0.167 mg/ 
mL o-dianisidine. MPO activity was colorimetrically 
quantified using an Elisa Multiskan Ascent Microplate 
Reader (Epoch-Biotek, Winooski, VT, USA) set at 460 
nm. The kinetic approach lasted 3 min, with 1 min 
between each reading. One unit of MPO was defined as 
the equivalent to the consumption of 1 µmol of hydrogen 
peroxide per min, considering that 1 µmol of hydrogen 
peroxide gives a change in absorbance of 1.0×102 per min.

Statistical Analyses
The data are expressed as mean ± standard deviation. The 
Student’s t-test was used to evaluate the statistical signifi-
cance between two unpaired groups based on p values (p < 
0.05 was considered significant). Statistical analyses were 
carried out by one-way analysis of variance (ANOVA) with 
Tukey’s post-test using GraphPad Prism version 5.00 (San 
Diego, California, United States of America). Differences in 
the mean values with ***p< 0.001, **p< 0.01, and *p< 
0.05 were considered statistically significant.

Results and Discussion
Bullfrog Oil Nanocapsules - Development 
and Physicochemical/Morphological 
Characterization
To produce a biocompatible BFO-based nanostructured 
system suitable to be used by oral route, nanocapsules 

were produced by the nanoprecipitation method, a well- 
established, easy-to-perform, and reproducible technique 
proposed by Fessi et al. This technique allows the loading 
of hydrophobic drugs or oily compounds in the cores of 
nanocapsules.15 In addition, PCL enables the production of 
a biocompatible system owing to its low toxicity, 
a practical reason why this polymer was approved by the 
Food Drug Administration (FDA) to develop therapeutic 
products for internal use.16 Moreover, the system was 
characterized by particle size distribution, zeta potential, 
and TEM analyses. Additionally, the system’s stability was 
evaluated over 30 days at room temperature (25 ± 2 ○C).

Immediately after production, the BFONc system 
showed particle size of 233 ± 22 nm and PdI of 0.17 ± 
0.03 (Table 1), confirming the successful development of 
nanocapsules. Indeed, particle size distribution is 
a relevant parameter for nanoparticle pharmacokinetics 
and drug delivery. It affects the residence time of nano-
particles in the bloodstream, their immunogenicity, their 
interaction, and their internalization by cells (particle tar-
geting), in addition to their stability in organic fluids.15,23 

The obtained particle size distribution can be associated 
with the use of PCL, as nanoparticles based on this poly-
mer typically exhibit a diameter size of approximately 200 
nm.24 This can be observed in the work of Abriata et al, 
who developed paclitaxel-loaded PCL nanoparticles with 
a particle size of approximately 190 nm using the same 
polymer and production method.15 In addition, different 
results can be observed in the work of Liu et al. This 
author used a modified PCL polymer to develop chitosan- 
coated PCL nanoparticles intended for curcumin delivery. 
These nanoparticles had a particle size of approximately 
360 nm at pH 7,16 reinforcing the hypothesis regarding the 
influence of the polymer used on nanoparticle size.

Table 1 Stability Assessment via Physicochemical Characterization 
of Bullfrog Oil Nanocapsules Stored at Room Temperature Over 30 
Days

Day Size (nm) 
± SD

PdI ± SD Zeta Potential (mV) 
± SD

0 233 ± 22 0.17 ± 0.03 −34 ± 2.6

1 229 ± 21 0.17 ± 0.02 −29 ± 3.1
5 234 ± 21 0.17 ± 0.03 −31 ± 2.4

15 234 ± 23 0.17 ± 0.03 −27 ± 3.7

30 237 ± 22 0.16 ± 0.03 −29 ± 2.1

Abbreviations: nm, nanometers; PdI, polydispersity index; mV, millivolts; SD, 
standard deviation.
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Furthermore, the obtained zeta potential (−34 ± 2.6 
mV) suggests that the system presents electrostatic stabi-
lity. The module’s zeta potential > 25 mV indicates that the 
repulsion forces are more potent than the attraction forces. 
These prevent the attraction forces from occurring and 
allow the nanoparticles to remain suspended over long 
periods.25 Additionally, as zeta potential is also related to 
the nanoparticle surface charge (the presence of ionized 
groups of charged polymers/surfactants), the obtained 
negative values can be attributed to PCL, as nanoparticles 
based on this polymer show negative surface charge,24 as 
described by Byun et al. In contrast, α-tocopherol-loaded 
PCL nanoparticles exhibit a negative zeta potential of 
approximately −15 mV.26 Indeed, the zeta potential can 
be directly influenced by the polymer used to produce the 
carrier. Our work supports Byun et al, in which similar 
zeta potential results were obtained. These results also 
corroborate the study by Rafiei and Haddadi, who found 
a zeta potential of −28 mV for docetaxel-loaded PLGA 
nanoparticles.27

TEM analyses revealed the spherical shape of BFONc, 
with a size distribution similar to that obtained by DLS 
(Figure 1 and Table 1). These results agree with those of 
Zanetti et al, who developed nanoparticles using PLC and 
nanoprecipitation as the production method. The geranyl 
cinnamate PCL nanoparticles produced by these authors 
also presented a spherical shape.18 In addition, the 
obtained image suggests that BFO was loaded into the 
nanocapsules core, as no free BFO droplets were observed 
on the images or appeared to be adsorbed on the nanocap-
sules surface.

Furthermore, the BFONc stability study revealed that 
the nanoparticles did not show significant changes (p > 
0.05) in particle size distribution and zeta potential follow-
ing 30 days of storage at room temperature (25 ± 2 °C). 

This study suggests no instability phenomena (aggrega-
tion) or even degradation of the nanoparticles (Table 1). 
Several studies have highlighted that indomethacin, 
cyclosporin A, and flurbiprofen-loaded PCL nanoparticles 
had favorable stability when stored at different tempera-
tures (4, 25, or 40 ○C), showing no significant changes in 
nanoparticles’ size, zeta potential, or pH after storage for 
up to 6 months.24,28–30

Hence, the obtained results indicated that BFONc with 
suitable physicochemical characteristics was successfully 
developed. The nanostructured system remained stable 
over 30 days at room temperature, suggesting its suitabil-
ity as a carrier for BFO.

In vitro Cytotoxicity/Biocompatibility 
Evaluation
An MTT test was used to determine the biocompatibility 
and cytotoxicity of the nanoparticles generated. The influ-
ence of free BFO and BFONc on MTT reduction was 
evaluated in RAW 264.7 murine macrophage cells 
(Figure 2).

The MTT results showed that neither free BFO nor 
BFONc significantly decreased the mitochondrial activity 
of the cells at all tested concentrations (Figure 2). Indeed, 
no significant difference was observed between the treated 
cells and the control (untreated cells) (p > 0.05). Similar 
results were observed for the nanocapsules dispersion 
components (data not shown). Moreover, the mitochon-
drial activity remained higher than 80% at all tested times, 
suggesting the absence of toxicity of the tested 
compounds.31 These data are in agreement to the previous 
findings that despite decreasing cancer cell viability 
(A2058 human melanoma cells and B16F10 murine mel-
anoma cells) at similar concentrations, BFO and nanos-
tructured systems based on this oil, such as 

Figure 1 Morphological characterization of bullfrog oil-based nanocapsules by Transmission Electron Microscopy (TEM).
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microemulsions and nanoemulsions, did not show toxicity 
against healthy cells (RAW 264.7 cells, 3T3 healthy fibro-
blasts, and human erythrocytes).9,13,32

The biocompatibility of BFO can be attributed to its 
chemical composition. According to literature reports, 
PUFAs, isolated or even present in natural products, did 
not exert toxic effects on RAW 264.7 cells.33,34 In fact, 
Ambrozova et al isolated several PUFAs (ARA, EPA, and 
DHA) and revealed that they did not affect macrophages’ 
cell viability and proliferation. The authors attributed this 
result to the absence of interference in ATP production in 
the cells.33

Another study by Dias et al investigated the biocom-
patibility of PCL nanoparticles developed to carry 
a natural product rich in PUFAs. In their report, the nano-
particles did not reduce the mitochondrial activity of RAW 
264.7 cells, as assessed by the MTT assay and optical 
microscopy.34 Hence, these reports indicate that the bio-
compatibility of BFO and BFONc is attributed to both the 
PUFAs in the BFO chemical composition and the PCL 
used.

Additionally, to evaluate the cell uptake of free BFO 
and BFONc and the morphological characteristics of RAW 
264.7 cells after treatment, BFO was stained using Nile 
red dye. The micrographs obtained after cell treatment for 
6, 12, and 24 h revealed that the controls (untreated cells) 
exhibited an intense nucleus blue fluorescence, which is 
ascribed to the Hoechst aqueous solution, a nucleus stain-
ing used as a contrast (Figure 3).

In addition, after 6 h, the cells treated with free BFO 
showed red fluorescence in all cellular compartments, 
suggesting that the macrophages engulfed BFO. 
Nevertheless, the red fluorescence intensity decreased 
over 24 h, implying that BFO was metabolized by the 
cells.

Interestingly, the cells treated with BFONc showed 
a completely different profile in the first 6 h. Indeed, the 
oil fluorescence from this system was less intense than that 
from free BFO, although nuclear fluorescence was evident. 
The nanocapsule structure can explain these data, which is 
composed of an internal phase (BFO) surrounded by 
a polymeric layer. Such a structure may contribute to 
a delay in BFO release (depot effect), thereby preventing 
the interfacial tension between the BFO and the Hoechst 
staining aqueous solution, enabling nuclear fluorescence 
visualization in comparison to that with free BFO at 
6 h. Nonetheless, after 12 and 24 h of treatment, the 
micrographs showed high red fluorescence intensity com-
pared with that at the first 6 h, indicating that the nano-
capsules released BFO.

Furthermore, it is essential to highlight that both free 
BFO and BFONc could not induce cell damage or mor-
phological changes in RAW 264.7 cells even after being 
distributed to all cell compartments (membrane, cyto-
plasm, and nucleus). In addition to the MTT assay results 
signify that BFO and BFONc are safe and biocompatible 
against macrophage cells. As the developed nanostruc-
tured system exhibited favorable physicochemical and 

Figure 2 Mitochondrial activity (%) of Raw 264.7 cells after 24 and 48 hours of treatment with free bullfrog oil and bullfrog oil nanocapsules at oil concentrations of 50, 100 
and 500 µg.mL−.1.
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biocompatibility properties, the anti-inflammatory activ-
ities of both free BFO and BFONc were further evaluated 
by in vitro tests.

Evaluation of Anti-Inflammatory Activity: 
In vitro Tests
ROS are small and unstable molecules produced in cell 
mitochondria or by cytoplasmic enzymes, such as NADPH 
oxidase, cyclooxygenase, lipoxygenase, and xanthine oxi-
dases, during anaerobic metabolism or via oxidation 
reactions.35 These molecules are involved in the cell dif-
ferentiation and proliferation processes. However, they 
have unpaired electrons that are highly reactive to cell 
lipids and protein structures, leading to cellular 
damage.35–37

In addition, ROS are related to the inflammatory pro-
cess, as intracellular ROS production modulates the 
release of inflammatory mediators, such as cytokines, con-
tributing to the inflammatory response.38 Therefore, quan-
tification of ROS levels allows the evaluation of possible 
anti-inflammatory effects. The inflammatory process in 
murine macrophage cells (Raw 264.7) was stimulated 
using LPS. The intracellular ROS levels were evaluated 
after cell treatment with free BFO and BFONc for 24 and 
48 h (Figure 4).

Overall, the results revealed that free BFO at all tested 
concentrations and times did not decrease ROS levels (p > 
0.05) compared to the control (untreated cells) (Figure 4). 
These findings may be related to oil consumption by the 

macrophages. In fact, in the cell uptake assay, the fluores-
cence intensity of BFO at 24 h was reduced compared to 
that at 6 and 12 h, suggesting that BFO may be consumed 
by the cells. Therefore, as the ROS level was evaluated 
after 24 and 48 h of treatment with free BFO, the effect of 
BFO on ROS production was not observed. Nonetheless, 
BFONc showed a different profile of intracellular ROS 
levels. In the first 24 h of treatment, the BFONc system 
at 50 and 100 µg.mL−1 of BFO concentration significantly 
(p < 0.05) decreased ROS levels of −66 ± 3% and −44 ± 
3%, respectively (Figure 4). These data evidenced the 
advantages of the nanostructured system. The use of 
BFONc improved the biological activity of the oil. This 
result is in agreement with that of Bernela et al. They 
developed bromelain-loaded katira gum nanoparticles and 
revealed, via in vivo studies, that delivery using nanopar-
ticles enhanced the anti-inflammatory activity of these 
natural products.39 Additionally, the different behavior of 
BFONc compared to free BFO can be related to the depot 
effect caused by the nanostructured system, a phenomenon 
already discussed in the cell uptake assay.

In addition, BFONc at 500 µg.mL−1 of BFO, after 24 
h, showed a slight pro-inflammatory effect, increasing 
ROS levels by 30 ± 9%. Indeed, considering that BFO 
contains omega-3 and −6 PUFA series, ARA (the pro- 
inflammatory fatty acid with the highest lipophilicity and 
the lowest molecular weight among the components of 
BFO) may be the first one released and degraded by free 
radicals or cytoplasm enzymes. Moreover, at the lower 

Figure 3 Micrographs obtained from fluorescence microscopy of Raw 264.7 cells after 6, 12 and 24 hours of treatment with 100 µg.mL−1 of bullfrog oil. Control (untreated 
cells); BFO (free bullfrog oil); BFONc (bullfrog oil nanocapsules).
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concentrations tested (50 and 100 µg.mL−1), the ARA 
concentration might not be sufficient to induce pro- 
inflammatory activity. Although supported by the litera-
ture, this hypothesis was not tested because the BFONc 
was tested in an aqueous medium. In such media, asses-
sing the fatty acid release profile by gas chromatography 
was not possible since this technique does not allow the 
use of samples with water content.

On the contrary, after 48 h of treatment, BFONc at all 
tested concentrations significantly (p < 0.05) decreased 
ROS levels by at least 81 ± 4%. These data show the 
ability of BFONc to reduce ROS levels, suggesting that 
this nanostructured system improves the activity of free 
BFO in vitro. Therefore, BFONc appears to be 
a nanosystem with potential anti-inflammatory activity.

ROS levels can be associated with NO production. 
Inflammatory mediators are produced during the respira-
tory macrophage process, which is burst by the enzymatic 
reactions promoted by NADPH oxidase and NO synthase 
during the inflammatory process.40 Therefore, the NO 
level of RAW 264.7 cells was also evaluated following 
stimulation with LPS and treatment with free BFO and 
BFONc for 24 and 48 h (Figure 5).

After 24 h of treatment with free BFO at all tested con-
centrations, although there was a marked reduction in NO 
levels compared to those in untreated cells, the decrease was 
not significant (p < 0.05) (Figure 5). Nonetheless, free BFO 
did reduce the NO level up to 29 ± 7%, demonstrating its 

suitability for attenuating NO production at different concen-
trations. In addition, at 48 h, the NO levels remained 
unchanged from that at 24 h, revealing that free BFO did 
decrease NO levels in a concentration-dependent manner. 
Similar results were reported by Barbosa et al, who showed 
that a combination of BFO and Cetiol® V diminished NO 
level by approximately 30% in LPS-stimulated RAW 264.7 
cells after 48 h.12 However, this author used a marketable 
BFO sample with an unknown production process. In con-
trast, in this work, BFO was obtained via hot extraction as 
proposed by Amaral-Machado, which ensures the reprodu-
cibility of the chemical characteristics of the oil.9

Moreover, these results are in contrast with the ROS 
level data. Indeed, free BFO did not alleviate ROS levels, 
but it significantly decreased NO production. This can be 
ascribed to the regulatory effect of PUFA, which was 
present in BFO, on ROS and NO production by LPS- 
stimulated macrophages. This rationale was corroborated 
by the results reported by Ambrozova et al, who verified 
that only at higher concentrations (100 µM) did isolate 
PUFAs (EPA, linoleic acid, and α-linoleic acid) decrease 
ROS production. Additionally, the PUFAs exhibited 
a remarkable inhibitory effect on NO.33 Although the 
effect of PUFAs on ROS and NO production has not 
been fully elucidated, the BFO activity observed in the 
present study is in agreement with previous findings.33

Additionally, BFONc at 50 and 100 µg.mL−1, after 
24 h of treatment, decreased NO levels by approximately 

Figure 4 Intracellular reactive oxygen species (ROS) levels (%) on Raw 264.7 cells stimulated for 12 hours with lipopolysaccharide (LPS) after 24 and 48 hours of treatment 
with free bullfrog oil and bullfrog oil nanocapsules at the concentration of 50, 100 and 500 µg/mL.
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30%, similar to free BFO. However, at an oil concentration of 
500 µg.mL-1, the same system showed a pro-inflammatory 
activity, based on the high NO dosage of approximately 
180%. These data were in complete agreement with those 
from the dosage of ROS. Indeed, BFONc at 500 µg.mL−1 

also increased ROS production by cells after 24 h of treat-
ment. Therefore, BFONc may stimulate the activation of 
NADPH oxidase or NO synthase enzymes, contributing to 
the increase in NO production.41,42

It is noteworthy that the effect of BFONc on the 
reduction of NO levels at 48 h of treatment was not 
observed for the systems containing an oil concentration 
of 50 µg.mL−1 (6 ± 6%). However, the samples at 100 and 
500 µg.mL−1 of oil concentration decreased NO level by 
22 ± 10% and 72 ± 18%, respectively. These samples 
highlight the potential of this nanostructured system to 
enhance the in vitro anti-inflammatory activity of BFO.

Overall, these data suggest the potential anti- 
inflammatory activity of BFO and that the efficacy of 
this oil in inhibiting both ROS and NO production is 
improved by nanoencapsulation.

Determination of the Cytokines (Type-6 
Interleukin (IL-6) and Tumor Necrosis 
Factor (TNF) Levels
Based on the ability of free BFO and BFONc to decrease 
ROS and NO production, and because these molecules are 
involved in the modulation of release of inflammatory 
mediators, such as cytokines, the in vitro anti- 

inflammatory activity of free BFO and BFONc was also 
assessed by measuring pro-inflammatory cytokine (IL-6 
and TNF) levels.

Figure 6 shows the levels of TNF and IL-6 after 
in vitro treatment with free BFO and BFONc for 48 
h. All tested concentrations showed slightly reduced TNF 
levels (by approximately 10%) in both free BFO and 
BFONc. This result is consistent with that of Barbosa 
et al, who attributed the BFO-induced decrease in TNF 
levels to the biological activities of n-3 PUFAs. These 
fatty acids can modulate the anti-inflammatory response 
and diminish TNF release.12,43 These results support the 
initial hypothesis that the chemical composition of BFO is 
responsible for its anti-inflammatory effect.

Additionally, measurement of IL-6 levels after treat-
ment with free BFO showed that only the highest tested 
concentration (500 µg.mL−1) effectively decreased the 
level of this pro-inflammatory cytokine (12 ± 8%). This 
finding is also in agreement with that of Barbosa et al, who 
observed that BFO decreased IL-6 levels only at 
a concentration of 200 µg.mL−1.12

In contrast, BFONc was much more effective in redu-
cing IL-6 levels. As shown in Figure 6, BFO nanoencap-
sulation at 50, 100, and 500 µg.mL−1 concentrations 
resulted in decreases of 51 ± 14%, 44 ± 8%, and 89 ± 
14% in the levels of this cytokine, respectively (p < 0.05). 
These results can be ascribed to both the effective delivery 
of BFO by the nanostructured system and the chemical 
composition of BFO itself, mainly n-3 PUFAs (EPA and 

Figure 5 Nitric oxide (NO) levels (%) of Raw 264.7 cells stimulated for 12 hours with lipopolysaccharide (LPS) and treated after 24 and 48 hours with free bullfrog oil and 
bullfrog oil nanocapsules at concentrations of 50, 100 and 500 µg.mL−.1.
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DHA), which represent 18.4% of the total 24.8% of the 
BFO PUFAs series.9,11

Preclinical Trials of the Anti-Inflammatory 
Activity
The anti-edematogenic effect of pre-treatment with BFO 
and BFONc was evaluated in a carrageenan-induced paw 
edema model. As expected, the carrageenan edema- 
induced animals treated with saline (negative control) pre-
sented signs of severe inflammation, such as edema 
formation, hyperalgesia, and erythema, at all tested times 
(1, 2, 3, and 4 h). On the contrary, the mice treated with 
BFO (50, 100, and 500 mg/kg) showed a significant reduc-
tion (p < 0.05) in edema formation after 2 h of inflamma-
tion induction (44 ± 10%, 40 ± 17%, and 34 ± 9% of total 
edema, respectively) in a time-dependent manner com-
pared to the negative control (Figure 7A). Similarly, 
BFONc at 500 mg/kg exhibited anti-inflammatory activity 
after 2 h of inflammation stimulation (41 ± 15% of total 
edema). In contrast, BFONc at 50 and 100 mg/kg dis-
played anti-inflammatory effects (52 ± 18% and 62 ± 
18% of total edema, respectively) only after 
3 h (Figure 7C). Moreover, both BFO and BFONc exerted 
remarkable anti-inflammatory effects at 500 mg/kg, lead-
ing to a reduction of edema formation by 56 ± 2% and 54 
± 1%, respectively.

Additionally, considering the total edema effect, as 
calculated by the area under the time-course curves after 

4 h (AUC0–4h), free BFO showed effective anti- 
inflammatory effects at all evaluated doses (Figure 7B). 
In comparison, BFONc exhibited the most potent anti- 
inflammatory effect at the highest dose (500 mg/kg) (p < 
0.001) (Figure 7D). In addition, it is important to highlight 
the effectiveness of BFONc at other tested concentrations, 
as they displayed a significant difference (p < 0.05).

Indeed, these results of the anti-inflammatory potential 
of free BFO and BFONc agree with those of Barbosa et al, 
who showed that BFO could decrease paw edema by up to 
50% in rats and corroborate the findings of the in vitro 
assay.12 Furthermore, the lowest efficacy of BFONc at 50 
and 100 mg/kg, compared to BFONc at 500 mg/kg, can be 
explained by the properties of the nanostructured system 
itself. As already discussed, the nanocapsules may act as 
reservoir systems. They must progressively release the oil 
via polymer relaxation mechanisms, allowing the diffusion 
of BFO from the nanocapsules polymeric shell. Therefore, 
the delivered concentration of the oil was not sufficient to 
exert the potent effect shown by BFONc at 500 mg/kg.15,26

Regarding MPO quantification, the mice administered 
with different doses of BFO (50, 100, and 500 mg/kg) 
(Figure 8A) and BFONc (50, 100, and 500 mg/kg) 
(Figure 8B) via intragastric gavage showed a significant 
reduction (p < 0.05) in MPO levels compared to the 
negative control (Figure 8).

The association between carrageenan-induced paw 
edema and MPO levels can be a promising approach to 

Figure 6 TNF and IL-6 levels (%) of Raw 264.7 stimulated for 12 hours with lipopolysaccharide (LPS) after 48 hours of treatment with free bullfrog oil and bullfrog oil 
nanocapsules at the concentrations of 50, 100 and 500 µg.mL−.1.
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evaluate the inflammatory activity of compounds by 
in vivo experiments. Within the first 2 h after induction, 
edema formation is led by releasing histamine, serotonin, 
and bradykinin, following increased vascular permeation. 
Subsequently, inflammatory cell recruitment (especially 
neutrophils and monocytes) is activated, and their degra-
nulation promotes the release of inflammatory markers/ 
mediators, among which MPO is emphasized.20,22,44,45

Indeed, MPO release induces several free radicals, 
which trigger oxidative stress in cells, leading to tissue 
injury. Therefore, inhibition of MPO release is directly 
related to the anti-inflammatory effect, as demonstrated 

by Rudolph et al and De La Rebière et al, who showed 
that the binding of MPO may explain the anti- 
inflammatory effect of heparin to endothelial cells and 
glycosaminoglycans.46,47

In general, the findings from the in vitro and in vivo 
studies suggest that BFONc effectively delivers BFO and 
reduces the levels of the primary biological mediators 
related to the inflammation process. As evidenced in the 
present study, polymeric nanocapsules have exhibited 
remarkable efficiency in increasing the anti-inflammatory 
activity of drugs and natural compounds. This phenom-
enon can be corroborated by the mesalazine/ 

Figure 7 Anti-edematogenic effect of the pre-treatment with free bullfrog oil (BFO) and bullfrog oil nanocapsules (BFONc) at 50, 100 or 500 mg/kg in carrageenan-induced 
paw edema model. (A) Percentage of edema and (B) area under the curve (AUC) for the percentage of paw edema as a function of time (0–4 h) in mice treated with the 
BFO; (C) percentage of edema and (D) AUC for the percentage of paw edema as a function of time (0–4 h) in mice treated with the BFONc. ***p < 0.001, **p < 0.01, and 
*p < 0.05 compared to the group treated with saline (negative control). Data showed as mean ± SEM (n = 6). 
Abbreviations: SG, sham group; NegCont, negative control; Dex 2, dexamethasone (2.0mg/kg); BFO 50, bullfrog oil at 50mg/kg; BFO 100, bullfrog oil at 100mg/kg; BFO 
500, bullfrog oil at 500mg/kg; BFONc 50, bullfrog oil nanocapsules at 50mg/kg; BFONc 100, bullfrog oil nanocapsules at 100mg/kg; BFONc 500, bullfrog oil nanocapsules at 
500mg/kg.
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hydroxypropyl-β-cyclodextrin chitosan-coated nanoparti-
cles developed by Tang et al. The nanoencapsulation pro-
cess allowed sustained drug release, decreasing the levels 
of NO, PGE2, and IL-8 in stimulated HepG2 cells.48 

Similar findings were also observed for α-bisabolol PCL 
nanoparticles, which showed meaningful activity in acute 
lung inflammation model.49

Based on these remarks, the overall results of this study 
confirm the anti-inflammatory effect of BFO. Both the in 
natura oil composition and the physicochemical character-
istics of the developed nanostructured system lead to 
a remarkable reduction in the inflammatory edema process 
and the levels of inflammatory mediators, such as MPO. 
Therefore, BFONc has been shown as a biocompatible 
system capable of maintaining the anti-inflammatory activ-
ity of BFO and overcoming the mentioned disadvantages 
of the oil, thereby allowing its enteral administration.

Conclusions
Overall, the results presented here show the formation of 
BFO-based nanocapsules with suitable physicochemical 
and morphological characteristics. These findings allow 
us to predict their use as stable and promising therapeutic 
products and their storage properties at room temperature, 
facilitating its management until administration. The 
absence of interference on the mitochondrial activity and 
morphology of Raw 264.7 murine macrophage cells after 
treatment with BFONc evidenced that this nanostructured 
system has suitable in vitro biocompatibility, which is an 
important parameter in preclinical trials that suggests sys-
tem safety. The ability of BFO to decrease the levels of 
inflammatory mediators was revealed by in vitro anti- 

inflammatory tests and reinforced by the in vivo experi-
ments, which showed the remarkable anti-inflammatory 
activity of both BFO and BFONc via reduction of paw 
edema and MPO levels in mice. Taken together, these 
preclinical data support the successful development of 
BFO-based nanocapsules with relevant in vitro and 
in vivo biological effects against inflammatory processes 
and open new directions for future studies using BFO, 
prompting further investigation of the anti-inflammatory 
activity of BFONc in clinical trials.
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