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Abstract: The essential oil from Croton argyrophyllus Kunth is known for its antiproliferative,
anti-inflammatory, antinociceptive, and anticancer activities, and is recognized as a source of
phytochemicals for potential use in pharmaceutic and food sectors. Solid lipid nanoparticles (SLN)
have been produced to load Croton argyrophyllus (CA) Kunth essential oil (CAEO) and its antioxidant
properties evaluated in vitro as a new approach for the treatment of neurodegenerative diseases. Cetyl
palmitate SLN loading CAEO (CAEO-SLN) with a mean particle size of 201.4 ± 2.3 nm (polydispersity
index 0.211) have been produced by hot high-pressure homogenisation. The release of the oil followed
the Korsmeyers-Peppas model. The risk of lipid peroxidation has been determined by applying
the production of thiobarbituric acid-reactive substances (TBARS) standard assay. The antioxidant
activity was determined by the capacity of the antioxidants existing in CAEO to scavenge the stable
radical DPPH•. The cytotoxicity of CA Kunth essential oil-loaded SLN (CAEO-SLN) was evaluated in
a human cell line SH-SY5Y (derived from human neuroblastoma) by determining the reduction of
the yellow dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT). Both free
essential oil (f EO) and loaded essential oil (CAEO-SLN) were demonstrated to inhibit the Fenton
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reaction. CAEO-SLN showed DPPH• radical scavenging capacity. The loading of the oil into cetyl
palmitate SLN reduced the risk of cytotoxicity.

Keywords: antioxidant; cytotoxic; essential oil; Croton argyrophyllus Kunth; neurological disorders

1. Introduction

Antiproliferative, anti-inflammatory, antinociceptive, anticancer, and antioxidant properties have
been attributed to the essential oils of several Croton species [1–3]. Essential oils are a combination
of terpenes and other secondary metabolites, which together show beneficial effects both in humans
and in animals [4–7]. Compounds belonging to terpenoids class may show cytotoxic, antitumor and
antibacterial activity [8,9], while a combination of the antioxidant activity with cytotoxic and antitumoral
effects was shown to be instrumental to explain the interest of essential oils for pharmaceutical and
nutraceutical applications [10,11]. Because of their chemical composition, essential oils from other
species have shown cytotoxic activities in a variety of cell lines [12,13].

Croton argyrophyllus is commonly known and has been used in traditional medicine for
centuries [14]. The insecticidal activity of the essential oil has already been described, for which the
average lethal concentration was found to be below the one needed to promote acute toxicity in a
typical mouse model [6]. Its anti-inflammatory activity was also described in Wistar rats, as shown
by a significant inhibition of paw edema formation and leukocyte influx induced by 1% carrageenan
solution [15]. The recent work published by de Araújo et al. (2019) [16], by studying the properties
of the inner bark of Croton argyrophyllus (Euphorbiaceae), reported how hydroethanolic extract can
partially reduce the biomarkers of oxidative stress in muscle tissue, and thus muscular damage in
rats that were submitted to high intensity strength exercise [16]. The antioxidant properties represent
the first stage of evaluation of health properties of food matrices and result from the combination of
bioactive compounds [17–19], thereby attracting high scientific interest [20].

The neuroprotective and anti-aging properties of essential oils derived from various sources have
been attributed to their complex composition [21–26]. These have an essential role in the protection of
their plant species by acting against, e.g., invasive microorganisms and herbivores, while attracting
insects to act as pollinizing vectors [27]. Besides, Mediterranean diet, which is also rich in essential oils,
has long been recognized to have beneficial effects against ageing [28]. The main studies on the chemical
composition of essential oils, oil extraction methodologies, and their interest for therapeutic uses are
comprehensively discussed by Aziz et al. (2018) [29]. Valdivieso-Ugarte et al. (2019) have also described
relevant antimicrobial, immunomodulatory, and antioxidant properties of essential oils [30]. Essential
oils are however volatile and have limited chemical stability over shelf life. Their physicochemical
stability can be improved by their loading into nanoparticles [31,32]. Lipid nanoparticles were tested
for brain targeting of drugs in the management of several neurological disorders, thanks to their
biocompatibility, affinity to the blood-brain-barrier, and high payload for lipophilic bioactives [33–36].
The loading of a variety of essential oils into nanoparticles has been proposed as a strategy to modify the
cytotoxic profile of these complex mixtures, increase their bioavailability, and improve their therapeutic
outcomes in vivo [22,37–39]. In the present work, we have thoroughly characterized the release,
antioxidant, and cytotoxic profiles of the essential oil obtained from the leaves of Croton argyrophyllus
Kunth when loaded in cetyl palmitate solid lipid nanoparticles (SLN).

2. Material and Methods

2.1. Materials

The leaves of Croton argyrophyllus Kunth were obtained from the region of Alagoas, Brazil—the
freshly collected plant was subject to hydrodistillation in a Clevenger apparatus for a period of 3 h. Then,
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the obtained oil was dried using anhydrous sodium sulfate and was stored at −5 ◦C for further analysis.
Cetyl palmitate was given as a gift from Croda do Brasil Ltda (Campinas, Brazil). Thiobarbituric
acid (TBA), butylated hydroxytoluene (BHT), Trolox, Poloxamer® 407, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT), doxorubicin(purity > 98%), Dulbecco’s modified Eagle’s
medium (DMEM), dimethyl sulfoxide (DMSO), foetal bovine serum (FBS), l-glutamine, streptomycin,
and penicillin, were acquired from Sigma Chemical Co. (St. Louis, MO, USA). Double-distilled water
was obtained from filtration in a Millipore system (home supplied).

2.2. Production of Solid Lipid Nanoparticles

SLNs were produced by hot high-pressure homogenization; cetyl palmitate was used as solid
lipid and Poloxamer® 407 as surfactant. In brief, the melted lipid phase, composed of cetyl palmitate
[4.5% (w/v)] and Croton argyrophyllus Kunth essential oil [0.5% (w/v)], was dispersed in an aqueous
phase made up of MilliQ water [94.525% (w/v)] and Poloxamer® 407 [0.950% (w/v)], heated at
70 ◦C. A pre-emulsion was obtained by stirring the mixture at 8000 rpm for 30 s in an Ultra-Turrax
(Ultra-Turrax®, T25, IKA, Staufen, Germany). Then, it was processed in a high-pressure homogeniser
(EmulsiFlex®-C3, Avestin, Ottawa, ON, Canada) (previously heated by recirculating hot Milli-Q water
at 75 ± 0.5 ◦C), for 5 min, at 500 bars in the first cycle and at 60 bars in the second cycle. The produced
o/w nanoemulsion, after 5 min in the homogeniser, was placed into siliconized glass vials and cooled
down in the fridge (4 ± 0.5 ◦C) to produce SLN. Plain SLN were produced as described, using cetyl
palmitate [5.0% (w/v)] as solid matrix (without the loading of the essential oil).

2.3. Mean Particle Size and Polydispersity Index

Dynamic light scattering (DLS) in a Zetasizer Nano ZS (Malvern, Worcestershire, UK) was utilized
to measure the polydispersity index (PI) and mean particle size (z-Ave) immediately after production.
Dilution in MilliQ water by 100 times of the aqueous dispersions of SLN was carried out, and the
analyses we carried out in triplicate measurements (n = 3). Data are given as means ± standard
deviations (SD).

2.4. Encapsulation Efficiency (EE) and Loading Capacity (LC)

The particles were ultra-centrifuged (Beckman Optima™ Ultracentrifuge—Optima™ XL,
Indianapolis, IN, USA) for 1 h at 100,000× g. The alpha-pinene, one of the main bioactive compounds
of C. argyrophyllus [14], was evaluated in the supernatant throughout UV spectrophotometer Shimadzu
UV-1601 (Shimadzu Italy, Cornaredo, Italy) at 230 nm [40], and the encapsulation efficiency (EE) and
loading capacity (LC) were evaluated using the following equations [41]:

EE% =
Wa−Ws

Wa
× 100

LC% =
Wa−Ws

Wa−Ws + WL
× 100

where Wa is the mass of essential oil (i.e., as a measure of the alpha-pinene) utilized for the development
of SLN, WL is the mass of lipid added for the development of SLN, and Ws is the mass of essential oil
quantified in the supernatant.

2.5. Differential Scanning Calorimetry

The DSC (DSC Q20 TA Instruments, New Castle, DE, USA) was utilized to determine the degree
of crystallinity of the non-loaded SLN (plain) and loaded SLN (CAEO-SLN). Briefly, the samples were
weighted (about 3–5 mg) in an aluminium pan and then sealed hermetically. The samples were
analysed under inert atmosphere (45 mL/min of N2). The DSC thermograms were recorded in the first
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heating run at a constant rate of 10 ◦C/min within a range of temperatures of 25–85 ◦C. The crystallinity
index (CI%) was calculated as follows [42]:

CI% =
∆HSLN

∆HBulk Material × ConcentrationLipid Phase
× 100

2.6. In Vitro Release of CAEO-SLN

The Franz glass diffusion cells was utilized to evaluate the in vitro release of Croton argyrophyllus
Kunth essential oil from SLN. Previously, a cellulose membrane (MERCK KgaA) (average pore size:
0.22 µm) was soaked for 2 h in freshly prepared phosphate-buffered saline (PBS, pH 7.4), and then
it was inserted in between the donor and acceptor chambers. Briefly, 1 mL of CAEO-SLN (freshly
prepared) was inserted onto the hydrated cellulose membrane. The acceptor chamber, that contains
5 mL of PBS buffer, was maintain under magnetic stirring at 37 ◦C along the entire assay. At selected
time-intervals, 200 µL were sampled with a syringe, being the same volume replaced with PBS buffer
to keep the sink conditions over the course of the experiment. The amount of released essential oil was
determined using a UV spectrophotometer Shimadzu UV-1601 (Shimadzu Italy, Cornaredo, Italy) at
230 nm for the quantification of alpha-pinene. Two kinetic models, i.e., Higuchi and Korsmeyer-Peppas,
were tested based on the obtained R2 values for the mathematical fitting of the recorded values [43].

2.7. In Vitro Lipid Peroxidation Assay

A mixture of 1 mL of egg yolk homogenate (1% w/v) in phosphate buffer (pH 7.4) was treated with
0.1 mL ferrous sulphate (FeSO4, 0.17 mol/L), with the increase of concentrations CAEO-SLN (5, 10 and
20 µg/mL). Trolox (antioxidant compound as standard) at 50 µg/mL was utilized as positive control
and water as the negative control. The mixture was then incubated for 30 min at 37 ◦C. Upon cooling,
0.5 mL/sample and 0.5 mL of trichloroacetic acid solution (15% m/v) were centrifuged at 1200 rpm for
10 min. 0.5 mL of supernatant were collected and mixed with the 0.5 mL of thiobarbituric acid solution
(0.67% m/v), and then incubated for 60 min at 95 ◦C. After cooling, TBARS was spectrophotometrically
determined throughout the measure of the supernatant at 532 nm, and the results were given as
malondialdehyde equivalents (MDA Eq) of the substrate.

2.8. In Vitro Antioxidant Activity against Free Radical DPPH

The antioxidant activity was determined as the ability of the antioxidants present in the sample test
to scavenge the stable radical DPPH• [44]. A 0.1 µM DPPH methanolic solution was firstly prepared
to dissolve the sample test, which was then placed in the microplate wells. DPPH solution was added
to each of the wells to reach concentrations (1, 2, 3, 4, 5 and 10 µg/mL) of essential oil. Methanol
was utilized as negative control, whereas butylated hydroxytoluene (BHT, 0–6 µg/mL) was positive
control. Then, incubation in microplates was carried out at 25 ◦C for 30 min, and the absorbance was
determined in a multiplate reader (DTX 880 Multimode Detector, Beckman Coulter Inc., Brea, CA,
USA) at 517 nm. The antioxidant activity, expressed as the percentage of scavenging of DPPH, was
determined using the following equation:

Scavenging of DPPH (%) =
Optical density of negative control −Optical density of test sample

Optical density of negative control
× 100

The IC50 values were determined using linear regression (r2 = 0.971) by plotting the percentage of
scavenging the concentration in the X-axis (µg/mL) and the (% inhibition in the Y-axis, recorded at the
end of the assay.

2.9. Cell Culture and Cytotoxicity Assay

SH-SY5Y (derived from human neuroblastoma) cell line was given from ATCC (Pensabio
Biotecnologia, São Paulo, Brazil). Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
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supplemented with 10% (v/v) foetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin,
and 1 mM l-glutamine. Cells were kept at 37 ◦C and 5% CO2/95% air environment. The viability
of SH-SY5Y cell line when treated with CAEO-SLN was determined by the reduction of the yellow
dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to a blue formazan
product [35,36]. Cells were seeded in 96-well plates 0.1 × 106 cells/mL density. After 24 h, CAEO-SLN
(0–20 µg/mL), dissolved in 0.7% dimethyl sulfoxide (DMSO), was added to each well. Then, the cells
were subject to incubation for 72 h at 37 ◦C in a 5% CO2 atmosphere. The analyses were carried out as
three independent experiments, using DMSO at 1% was used as negative control and doxorubicin
at 100 µg/mL as positive controls. Then incubation, the plates were centrifuged, and the medium
was replaced by fresh medium (150 µL) containing 0.5 mg/mL MTT. Three hours later, the formazan
product was dissolved in 150 µL DMSO, and absorbance was read in a multiplate reader (DTX 880
Multimode Detector, Beckman Coulter Inc.) at 570 nm. The tests were carried out in quadruplicate and
then normalized. Percentage of cell viability was calculated as follows:

%Cell viability =
Abs (treated cells) −Abs (blank)

Abs (positive control) −Abs (blank)
× 100

2.10. Statistical Analysis

The results are given as the mean ± standard error of mean (SEM). Statistical significance of
differences between mean values was determined by ANOVA with Dunnet post-test. Results were
considered significantly different if p < 0.05. Graphs and statistical evaluation were performed by means
of the GraphPad Prism software (Intuitive Software for Science, San Diego, CA, USA). An asterisk (*)
has been used to spot the results that are significantly different from control.

3. Results and Discussion

The loading of the lipophilic essential oil obtained from Croton argyrophyllus Kunth in cetyl
palmitate SLN resulted in particles with a mean size of 201.4 ± 2.3 nm (polydispersity index 0.211),
against plain SLN (oil-free) of 228 ± 1.6 nm and PI of 0.242. From the recorded values, both plain and
oil-loaded SLN are expected to show long-term stability on shelf-life with limited risk of aggregation.
According to the literature, a PI below 0.25 translates a monodispersed system, ensures a higher physical
stability of colloidal dispersions, and is suitable for biomedical applications [45]. The loading capacity
(LC%) (EE%) and encapsulation efficiency achieved 0.43 ± 0.07% and 89.63 ± 1.02%, respectively. These
high values were related to the high affinity of essential oil to the solid lipid. For both CAEO-SLN and
oil-free SLN, the melting peaks were revealed in the bulk lipid melting range. The loading of the oil
resulted in the decrease of degree of crystallinity (such as lower melting enthalpy), i.e., 81% (oil-free
SLN) versus 76% (CAEO-SLN). This suggest how the formation of a metastable polymorphic matrix
(β′-modification) could be due to a higher loading capacity, and is characteristic of acetyl palmitate
SLN, with respect to the more stable one (β-modification) [46]. The presence of a crystalline solid
matrix in CAEO-SLN contributed to modify the release profile of the essential oil. As reported in
Figure 1 (upper panel), less than 10% of loaded essential oil was released within the first two hours,
which lead to a delayed release. By the end of 24 h ca., 70% of loaded oil was quantified in the receiving
medium of Franz diffusion cells. Mathematical fitting of the release data was developed throughout
the Higuchi and Korsmeyer–Peppas equations (Figure 1) [47].

On the basis of the R2 values, the Korsmeyers–Peppas model was the best fitting one. A release
profile following the Higuchi model (Fickian diffusion) implies a straight line with kH as slope will
be obtained when plotting x = kH against y = Mt/M∞. In the present study, a R2 of 0.8677 was
obtained, which means no straight line was drawn with the recorded values. Korsmeyers–Peppas
model (Power Law) describes the release of the loaded active/oil from the nanoparticles accordingly
to the following mechanism: Mt/M∞ = k′tn, where Mt is the cumulative amount of active released
at time t, M∞ is the cumulative amount of active released at infinite time, k′ is the constant that is
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governed by the physicochemical properties of the core of the nanoparticles, and n is the diffusional
release exponent indicating of the release mechanism of the loaded ingredient from the particles [48].
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Korsemeyer–Peppas (lower) models.

Lipid materials are hydrophobic in nature and vulnerable to free radicals, especially to hydroxyl
radicals (OH−). This is because fatty acids do not possess enzymes that process its removal; besides,
the very short half-life of free radicals makes them difficult to neutralize [49]. As shown in Figure 2,
the three tested CAEO-SLN concentrations (5, 10, and 20µg/mL) revealed antioxidant effects, minimizing
the product formation derived from lipid peroxidation, such as the MDA (nmol MDA Eq/mL) respect
to the negative control (p < 0.05). At concentrations of 5, 10, and 20 µg/mL, the CAEO-SLN showed
2.06 ± 0.10, 2.91 ± 0.31, and 1.99 ± 0.47 nmol MDA Eq/mL, respectively. Negative and positive controls
were of 5.03 ± 0.89 and 0.21 ± 0.01 nmol MDA Eq/mL, respectively. These results demonstrate the
capacity of CAEO-SLN to inhibit Fenton reaction, which is based on the transfer of electrons between
Fe++ (acting as a homogeneous catalyst) and H2O2. Different authors have widely reported how



Sustainability 2020, 12, 7697 7 of 12

DNA damage due to reactive oxygen species (ROS) can represent one major cause of cancer [50].
Terpenes (alpha-pinene) contained in essential oils may interact with toxic compounds and prevent
DNA damage [4]. Neurodegenerative disorders, such as Alzheimer’s disease and Parkinson’s disease,
are governed by disruption of cholinergic neurons and/or enhanced oxidative stress. The use of
antioxidant phytochemicals such as terpenes has been proposed for the prevention and/or treatment of
such disorders due to their capacity to strengthen the cholinergic function and antioxidant defence
mechanisms. Lee et al. have reported the neuroprotective effect of alpha-pinene against learning
and memory impairment induced by scopolamine in mice [51]. The essential oil from lemon peels,
enriched with a cocktail of antioxidant phytochemicals (limonene, sabinene, alpha-pinene, neral,
beta-pinene, linalool, 1,8-cineole, geranial, borneol, alpha-terpineol, terpinen-4-ol, linalyl acetate,
and beta-caryophyllene), was also reported to inhibit key enzymes related to neurodegenerative
conditions and pro-oxidant induced lipid peroxidation [52]. As reported by Elmann et al. (2009) [53],
Salvia fruticosa’s essential oil protected cultured primary brain astrocytes from H2O2-induced death.
The neuroprotective effect of alpha-pinene against H2O2-induced oxidative stress was also confirmed
in vitro in PC12 cells [54].
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Figure 2. Effect of CAEO-SLN on the malondialdehyde equivalents (MDA Eq.) amount produced in the
presence of FeSO4 (the free radical inducers). Analyses were carried out in triplicate. Trolox was utilized
as the positive control and water as the negative control. Data are reported as mean ± SEM. * p < 0.05
respect to the negative one. One-way ANOVA followed by Bonferroni post-hoc test was applied.

The capacity of CAEO-SLN to capture free radicals, i.e., the antioxidant activity, was studied by
DPPH assay and resulted to be concentration-dependent (Table 1). The DPPH values are indicators of
antioxidant activity. For the positive control (BHT), 78.11% scavenging of DPPH radical was observed
at the highest tested concentration (6.0 µg/mL). Previous studies had reported similar results [55–57].
A linear regression of R2 = 0.9723 was shown by plotting the data, and the IC50 was determined as
196.91 µg/mL.

Table 1. Antioxidant activity (% scavenging of free radical DPPH) of the Croton argyrophyllus Kunth’
essential oil when loaded in cetyl palmitate SLN. Data are given as means ± standard deviations (SD).

µg/mL % Scavenging ± SD

1 1.76 ± 0.32
2 5.92 ± 0.18
3 7.83 ± 1.21
4 11.14 ± 1.07
5 17.23 ± 0.61

10 22.30 ± 1.42
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Our results confirm that CAEO-SLN kept the antioxidant defence mechanisms of the Croton
argyrophyllus Kunth essential oil. To be used in neurodegenerative diseases, the developed CAEO-SLN
should be non-toxic [58–60]. The cell viability testing was done in a neuroblastoma cell line using the
MTT assay (Figure 3).
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Figure 3. Study of the cytotoxic activity of the essential oil of Croton argyrophyllus leaves after the
loading into SLN (CAEO-SLN), in SH-SY5Y cell line by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay at 24 and 48 h.

Due to its facility, sensitivity, and economy, the MTT assay is commonly used in screening tests
by the US National Cancer Institute of the US [61], for the cytotoxicity assessment [62]. Previous
studies have shown the cytotoxicity of essential oil of Croton argyrophyllus against all tumour cell lines,
reporting IC50 below 30 µg/mL against SF-295 and OVCAR-8 cell lines after 72 h of incubation [63],
which has been attributed to the combined effect of some of the bioactive compounds of the essential oil.
The in vitro cytotoxic of Croton argyrophyllus Kunth essential oil showed IC50 values of 14.81 µg/mL,
21.86 µg/mL, and 32.79 µg/mL against SF-295, OVCAR-8, and MDA/MB-435, respectively, while against
HCT-8 and HL-60, the IC50 values were above 50 µg/mL [55]. The cytotoxicity assay against SH-SY5Y
cell line of essential oil has been tested after its loading into SLN, and values were kept above 70% cell
viability, which indicates low risk of cytotoxicity [64]. The loading into cetyl palmitate SLN kept the
cell viability up to 88.84 ± 0.86%. The modified release profile and the high encapsulation efficiency of
the oil in the crystalline SLN matrix led to an improved cell resistance (89.63 ± 1.02%). The composition
of lipid nanoparticles resembles the lipids of food and are known to have absorption enhancing effects
when administered orally [41,58,65–68]. Besides, most of the cell lines tolerate lipid nanoparticle doses
up to 1 mg/mL, while only a few studies report cells surviving profiles higher than 1 mg/mL [58].
The highest SLN dose tested in our work was 20 µg/mL, well below the cytotoxic range.

4. Conclusions

The essential oil obtained from Croton argyrophyllus Kunth has been loaded into cetyl palmitate
solid lipid nanoparticles. The release profile of the oil from SLN followed the Korsemeyers–Peppas
model; the nanoparticles kept the antioxidant activity (lipid peroxidation reduction and scavenging
of free radicals) of the oil, with reduced cytotoxic effects in vitro against a neuroblastoma cell line
(SH-SY5Y). It is therefore possible to postulate that the loading of essential oil of Croton into lipid
nanoparticles can be an interesting approach in the formulation of novel functional foods with protective
effects against neurodegenerative disorders and other chronic diseases associated to oxidative stress.
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