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A B S T R A C T   

This study presents a sustainable and cost-effective method for preserving the bioactivity of phenolic compounds 
in olive leaves (OLE) during their application. The extraction and nanoencapsulation of OLE were performed in a 
single-step process using a rotor–stator system with zein as the encapsulating agent. The nanoprecipitation step 
was carried out using an aqueous sodium caseinate solution, resulting in spherical particles with an average 
diameter of about 640 nm, as confirmed by Transmission Electron Microscopy. Thermal characterization showed 
that the produced nanoparticles were more thermally stable than free OLE until 250 ◦C, and FTIR spectra 
indicated effective interaction between the phenolic compounds and zein. Antioxidant activity was evaluated 
using TBARS, DPPH, ABTS, and FRAP assays, with results showing that encapsulated OLE had lower antioxidant 
activity than free OLE. The best antioxidant capacity results were determined by TBARS assay, with IC50 results 
equal to 43 and 103 µgOLE/mL for free and encapsulated OLE, respectively. No anti-inflammatory potential was 
detected for both samples using the RAW 264.7 model, and only free OLE showed cytotoxic activity against lung 
cancer and gastric carcinoma. Encapsulated and free OLE were used as antioxidants in soy, palm, and palm 
kernel oils and compared to BHT using Rancimat. The Schaal Oven Test was also performed, and the PARAFAC 
chemometric method analyzed the UV–Vis spectra, which revealed high stability of the oil when 300 mg or the 
nanoparticles were added per kg oil. Results suggested that zein-encapsulated olive leaf antioxidants can improve 
the oxidative stability of edible oils.   

1. Introduction 

Brazil is an emerging virgin olive oil-producing country that has been 
increasingly investing in olive tree cultivation (Zago et al., 2019), with 
about 10 000 ha cultivated with olive trees in the South and Southeast 
regions of the country (Crizel et al., 2020). The olive (Olea europea L.) 
leaves have been extensively used in herbal teas and food supplements. 
Their usage is of great interest from a food waste recovery perspective. 

Since olive leaves are a great source of valuable compounds such as 
polyphenols, they represent a rich source of potential food additives 
and/or nutraceuticals (Difonzo et al., 2020; Žugčić et al., 2019). 

The leaves represent up to 10 wt% of the mass of the olive arriving 
from the fields and they must be removed from the fruits in the early 
steps of olive cleaning (da Rosa et al., 2019). Due to the large amount 
produced, more cost-effective and sustainable extraction methods to 
prepare olive leaf extracts (OLE) have been designed in the last few 
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years, with the expectation of increasing profitability of olive groves and 
of making agricultural activity practices more sustainable (Clodoveo 
et al., 2021). These techniques include Supercritical Fluid Extraction 
(SFE) (Caballero et al., 2020), Pressurized Liquid Extraction (PLE) (Silva 
et al., 2022), Pulsed Electric Field extraction (PEF) (Pappas et al., 2021), 
and deep eutectic solvents extraction (de Almeida Pontes et al., 2021). 
Extraction using conventional solvents may be coupled to secondary 
techniques in order to improve the extraction efficiency, such as the 
Ultrasound-Assisted Extraction (UAE) and the Microwave Assisted 
Extraction (MAE) (Rosa et al., 2019). Also, the high shear homogeni
zation extraction (HSE) that uses rotor–stator stirring systems has being 
reported as an effective method to extract phenolic compounds from 
different byproducts, such as those from red guava (Danielski et al., 
2022), pinhão (Santos et al., 2018), olive leaves (Ahin et al., 2017), and 
others. This homogenizing system is characterized by localized high- 
energy dissipation and presents the advantage of being easily scaled 
up (Wu et al., 2019). Chee and Jawaid (2019) explained the mechanism 
of high shear homogenization as a powerful circumferential force 
created by the proximity of the outer stationary tube (stator) and the 
inner rotating shaft (rotor) which automatically drew the nanofiller 
axially into the dispersion head and then forced radially through the 
slots in the rotor/stator arrangement. This mechanism allows the com
pound extraction and the micro and nanoparticles formation. 

Encapsulation techniques are helpful in preserving phenolics during 
storage and may provide the controlled release of the encapsulated 
compounds during their application (Leimann et al., 2019). The usual 
procedure is to first extract the target compounds and then encapsulate 
them in a suitable protective matrix, which dould lead to the excessive 
use of solvents. To overcome this disadvantage, the act of simulta
neously extract and encapsulate compounds was recently proposed. 
Santos et al. (2020) simultaneously extracted and encapsulated curcu
minoids from Curcuma longa L. in polyvinylpyrrolidone. The authors 
used a modification of the solid dispersion technique comprising a 
mixture of curcuma powder, solvent, surfactant, and encapsulating 
agent. In another approach, Mourtzinos et al. (2016) promoted the 
simultaneous extraction/encapsulation of olive leaves using a stoppered 
glass bottle submitted to stirring with water/glycerol as solvents and 
cyclodextrin as the encapsulating agent. 

The use of device-assisted solvent extraction methods (such as high 
shear homogenizers or ultrassond devices) are good candidates for 
simultaneous extraction/encapsulation approaches, mainly because 
they can reach high energy dissipation (1000––10 000 m2/s3 and ~ 109 

m2/s3, respectively, Vashisth et al., 2021). It is known that the appli
cation of high energy is a fundamental factor to the formation of in
teractions, such as hydrogen bonding, between encapsulation agent and 
the extracted compounds to be encapsulated (Karavas et al., 2006). 

High shear devices have already been used in the nanoprecipitation 
technique to encapsulate bioactives and extracts in zein (Calliari et al., 
2020; Lemes et al., 2017). Usually, zein and the compounds are solu
bilized in an ethanol–water solution, followed by dropwise addition of 
this solution into surfactant aqueous solution leading to the precipita
tion of zein (Pascoli et al., 2018). The application of high shear rates 
leads to a higher degree of supersaturation and simultaneous formation 
of spherical particles under decreased ethanol content (Wang & Zhang, 
2019). The precipitation of zein involving the encapsulated compounds 
occurs due to a sequence of phenomena that include supersaturation, 
nucleation, growth by condensation, and growth by coagulation that 
leads to the formation of nanoparticles (Rivas et al., 2017). 

In this work, a one-step process was proposed to nanoencapsulate the 
phenolics-rich extract from olive leaves aiming to reduce the operation 
time, as well as the use of solvents. The high shear homogenization 
extraction technique was carried out in the presence of zein to simul
taneously extract and encapsulate the phenolic compounds under high- 
shear. The produced nanoparticles were incorporated into edible oils, 
and their potential was evaluated using the Rancimat and the Schaal 
Oven tests. 

2. Material and methods 

2.1. Material 

The olive leaves were obtained from a commercial crop in Águas da 
Prata in Serra da Mantiqueira in São Paulo (22◦00′48,6″ S 46◦37′59,4″ 
W) and the tree species used were Arbequina, Koroneiki, and Arbosana. 
Zein and sodium caseinate (Sigma-Aldrich) were used in the nano
encapsulation. Soybean, palm kernel, and palm oils were used without 
the addition of antioxidants obtained through a donation from the 
COAMO cooperative. The following chemicals were also used: potas
sium bromide (KBr, spectroscopic grade, Sigma-Aldrich), isooctane 
(UV/HPLC grade, NEON), absolute ethyl alcohol (99.8%, Dynamic), 
BHT (99%, Scientific Exodus), ABTS (2,2′-azinobis[3-ethyl
benzothiazoline-6-sulfonic acid]diammonium salt, Sigma-Aldrich), 2,2- 
diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich), potassium persulfate 
(Neon), hydrochloric acid (Vetec), 2,4,6-Tris(2-pyridyl)-s-triazine 
(TPTZ, Sigma-Aldrich), ferric chloride hexahydrate (Synth), sodium 
acetate (Dinâmica), glacial acetic acid (Dinâmica), ethanol (99.5%, 
Dinâmica). 

2.2. OLE single-step extraction/nanoencapsulation 

The extraction and nanoencapsulation of bioactive compounds from 
olive leaves followed the methodology described by Lemes et al. (2017) 
and Santos et al. (2018). The procedure was adapted to reduce the steps 
necessary to obtain the extract and subsequent encapsulation. Olive 
leaves (43.75 g) were milled until the formation of a coarse powder with 
sizes around 500 µm. Then, zein (15 g) and absolute ethanol/water (500 
mL, 80:20 v/v) were added and the dispersion was kept under agitation 
(12,000 rpm for 15 min) in a high shear homogenizator (Ultra-turrax 
T25, IKA, S25N dispersion element) as described by Santos et al. (2018). 
After this step, the mixture was centrifuged (10 min at 5,000 rpm, 
Novatecnica NT825). The supernatant was collected and dripped with 
the aid of a burette in an aqueous solution of sodium caseinate (500 mL, 
0.02 g/mL) immersed in an ice bath at 12,000 rpm to nanoprecipitation 
occur. The dispersion was finally dried in a circulation oven at 60 ◦C, 
collected, ground, and kept refrigerated until use. In the case of the non- 
encapsulated extract (olive leaf extract, OLE), it was obtained in the 
same proportion of leaves/ethanol/water used in the encapsulation and 
the same agitation in the rotor–stator, then centrifuged and the super
natant dried in an oven under the same conditions. 

Two parameters were determined gravimetrically after the extrac
tion and nanoencapsulation processes: the extraction yield (EY %) and 
nanoparticle production yield (NPY %). The EY corresponded to the 
content of extract obtained from the olive leaves. The NPY was deter
mined by the relationship between the solids content collected at the 
end of the process, and the solids initially introduced (zein, sodium 
caseinate, and extract, determined from EY). Eqs. (1) and (2) were used, 
respectively, where Vt is the total volume of solvent used in the 
extraction (mL), msa is the mass of solids in the extract aliquot after 
drying (g), Va is the volume of the extract aliquot to be dried for yield 
calculation (mL), ml is the mass of leaves used in the extraction (g), mNP 
is the dry mass of nanoparticles collected at the end of the process (g), ms 
is the mass of solids (zein and sodium caseinate) used in one-step 
extraction/encapsulation (g), and mE represents the mass of extract 
present in the leaves used for extraction/encapsulation. It is worth 
noting that this procedure did not differentiate between total precipi
tated material and the unencapsulated material. 

EY(%) =

(
Vt.msa

Va.ml

)

.100 (1)  

NPY(%) =

(
mNP

ms + mE

)

.100 (2)  
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2.3. Characterization of OLE and OLE-containing nanoparticles 

2.3.1. Phenolic compounds characterization by HPLC-DAD/ESI-MSn 
The extracts were redissolved in a ethanol:water (80:20, v/v) solu

tion and characterized regarding their phenolic composition using a 
Dionex Ultimate 3000 UHPLC (Thermo Scientific, San Jose, CA, USA) 
equipment (Bessada et al., 2016) with a diode array detector (DAD), 
programed at 280 nm and 370 nm as the preferred wavelengths, con
nected in line with a Linear Ion Trap LTQ XL mass spectrometer (Thermo 
Finnigan, San Jose, CA, USA) equipped with an ESI source working in 
negative mode. The Xcalibur® data system (Thermo Finnigan, San Jose, 
CA, USA) was used for data acquisition and analysis. The identification 
of the compounds was performed through the compasision with avail
able standard compounds and using literature information regarding 
UV–Vis, deprotonated ion and the mass fragmentation pattern. Quan
tification was performed using 7-level calibration curves obtained from 
commercial standard compounds: apigenin-6-C-glucoside (y =

107,025x + 61,531, R2 = 0.9989; LOD (Limit of Detection) = 0.19 µg/ 
mL; LOQ (Limit of Quantification) = 0.63 µg/mL), hydroxityrosol (y =
124154x + 17393, R2 = 0.9999, LOD = 1.22 µg/mL; LOQ = 3.68 µg/ 
mL), naringenin (y = 18433x + 78903, R2 = 0.9998, LOD = 0.17 µg/mL 
and LOQ = 0.81 µg/mL), oleuropein (y = 32226x + 12416; R2 = 0.9997; 
LOD = 0.69 µg/mL and LOQ = 1.96 µg/mL), quercetin-3-O-glucoside (y 
= 28555x + 3032.3, R2 = 0.9996, LOD = 0.02 µg/mL; LOQ = 0.07 µg/ 
mL). The results were expressed in mg per g of extract as mean ±
standard deviation. 

2.3.2. Physicochemical and morphological characterization 
Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze 

the interaction between the extracted compounds and the encapsulant 
agent. KBr pellets were prepared with nanoparticles, free OLE, zein, 
sodium caseinate (NaCas), and a physical mixture (PM) of these com
ponents in the same proportion as they are present in the formulation of 
nanoparticles (the amount of OLE was determined by Equation 1). 
Samples were analyzed in IRAffinity-1 FTIR (Shimadzu Affinity-1), in 
the range of 4000 to 500 cm− 1, using 32 accumulations and a resolution 
of 2 cm− 1. 

Differential Scanning Calorimetry and Thermogravimetric analyses 
were performed on a simultaneous thermal analyzer (STA 6000, Perki
nElmer, USA). The samples (8 to 10 mg) were placed in a platinum 
sample holder and heated to 600 ◦C at 10 ◦C.min− 1 under a nitrogen flux 
of 50 mL.min− 1. 

Transmission Electron Microscopy (TEM) analysis was performed to 
evaluate the morphology of the nanoparticles. A carbon-coated copper 
grid (200 mesh) was prepared with a droplet deposition from a nano
particle dispersion freshly prepared. The grid was dried, and then the 
sample was analyzed in a JEOL microscope model JEM 2100, at 200 kV. 

The Dynamic Light Scattering (DLS) analysis was performed to 
determine the mean size in intensity (Dz, nm) and the Polydispersion 
Index (PDI, dimensionless) of the nanoparticles on a Malvern Zetasizer 
instrument – Nano Series. The previously dried samples were redis
persed in water (0.1% w/vm, refractive index 1.333) and then analyzed. 

2.3.3. Antioxidant capacity of OLE and OLE-containing nanoparticles 
For all the antioxidant capacity analyses, the samples were prepared 

considering the amount of OLE present in the samples. Thus, for nano
particles, the amount of OLE was calculated according to Equations 1 
and 2. Results were submitted to the t-Student test at a 5% significance 
level (p < 0.05) using the Matlab software (R2021a). 

DPPH as free radical: the methodology was performed following the 
method described by Brand-Williams et al. (1995), with some modifi
cations. First, 10 µL of solvent (ethanol: water, 80:20 v/v) were added to 
140 µL of 60 µmol.L-1 methanolic solution of DPPH (negative control) 
and 10 µL of the sample (OLE or nanoparticles at different concentra
tions dissolved in ethanol:water 80:20 v/v) in 140 µL of solution of 

DPPH (triplicate for each sample). The solutions were protected from 
light for 30 min, and the absorbance determinations were performed at 
515 nm in the microplate reader (Thermo Plate, TP-Reader). The per
centage of antioxidant activity (%AA) was determined according to 
Equation (3), where ABScontrol is the absorbance of the negative control 
and ABSsample is the absorbance of the sample. The IC50 (mgOLE.mL− 1) 
results were obtained using the GraphPadPrism 5 software. 

%AA =
(ABScontrol − ABSsample)

ABSsample
*100 (3) 

ABTS method: The method described by Thaipong et al. (2006) was 
followed with minor modifications. The working solution was prepared 
by mixing the following two solutions in equal amounts (20 mL each): 
7.4 mmol.L-1 ABTS solution and 2.6 mmol.L-1 potassium persulfate so
lution. The mixture was reacted for 12 h in the dark. After this period, 
the working solution was prepared by adding 1 mL of this mixture to 60 
mL of methanol. The absorption reading of the working solution was 
performed to verify if the value was close to 1.10 ± 0.02 in a UV–Vis 
spectrophotometer (Ocean Optics, Red Tide USB 650 UV) at 734 nm. 
Therefore, for the analysis itself, 150 µL of OLE solution or nanoparticles 
solution at different concentrations (both dissolved in ethanol:water 
80:20 v/v) were mixed with 2,850 µL of the working solution in test 
tubes and stored in the dark for two hours. Then, the absorbance read
ings of the samples were taken at 734 nm. The values obtained were 
expressed as IC50 in mgOLE.mL− 1. 

Antioxidant Power of Iron Reduction (FRAP): 5 solutions were made: 
1) 40 mM hydrochloric acid solution (50 mL of distilled water, and 333 
µL of HCl 37 %) were added to a volumetric flask, and then topped up 
with ultrapure water; 2) 10 mM TPZ solution (31.22 mg of TPTZ were 
dissolved in 1 mL of HCl), and this solution was completed with HCl to a 
volume of 10 mL; 3) 20 mM ferric chloride solution (0.3344 g of ferric 
chloride hexahydrate were dissolved in 100 mL of distilled water); 4) 
0.3 M sodium acetate buffer with pH 3.6 (0.755 g of sodium acetate was 
dissolved in 230 mL of ultrapure water), the pH was adjusted to 3.6 with 
glacial acetic acid gradually, the solution was transferred to a 250 mL 
volumetric flask with distilled water and the pH was checked. 5) 
Complex-Ferric (5 mL of 10 mM TPTZ solution, 4 mL of 20 mM ferric 
chloride solution, and 50 mL of 0.3 M sodium acetate buffer). For the 
analysis, 100 µL of the sample (0.406 mgOLE.mL− 1 or 2.800 mgNP. 
mL− 1, equivalent amount of nanoparticles to the free OLE in ethanol: 
water 80:20 v/v) were added to 370 µL of distilled water and 3000 µL of 
the ferric complex for sample preparation, and 470 µL of distilled water 
and 3000 µL of the ferric complex for the control. The tubes were shaken 
and placed in a bath at 37 ◦C for 30 min. All the procedure was per
formed with the lights off. The spectra were read in UV–Vis at 595 nm, 
and the results were expressed as µmolET.gOLE

-1 . 
Thiobarbituric acid reactive substances (TBARS) formation inhibi

tion assay: The capacity of free and nanoencapsulated OLE to inhibit the 
formation of thiobarbituric acid reactive substances (TBARS), such as 
malondialdehyde generated from the ex vivo decomposition of lipid 
peroxidation products, was evaluated using porcine brain cell homog
enates, following the method described previously by Pinela et al. 
(2012). Trolox was used as a positive control. The results were expressed 
as IC50 values (μg.mL− 1), i.e. the sample concentration providing 50% of 
antioxidant activity. 

2.3.4. Cytotoxic and anti-inflammatory activity 
The following human tumor cell lines were used for cytotoxic po

tential evaluation of OLE and nanoparticles: AGS (gastric adenocarci
noma), CaCo (colorectal adenocarcinoma), MCF-7 (breast 
adenocarcinoma), NCI-H460 (lung carcinoma). A non-tumor cell line 
was also tested: PLP-2 (primary pig liver culture). All of them were 
maintained in RPMI-1640 medium supplemented with 10% fetal bovine 
serum, glutamine (2 mM), penicillin (100 U.mL− 1), and streptomycin 
(100 mg.mL− 1), with the exception of PLP2, maintained in DMEM 
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medium supplemented with fetal bovine serum (10%), glutamine (1%) 
and antibiotics (1%). The culture flasks were incubated in an incubator 
at 37 ◦C and with 5% CO2, under a humid atmosphere. The cells were 
used only when they had 70 to 80% confluence. A known mass of OLE or 
nanoparticles (8 mg) was dispersed in H2O (1 mL), to obtain the stock 
solutions with a concentration of 8 mg.mL− 1, and then water was further 
added to adjust the concentration to 0.125–––8 mg.mL− 1. Each extract 
concentration (10 μL) was incubated with the cell suspension (190 μL) of 
the cell lines tested in 96-well microplates for 72 h. The microplates 
were incubated at 37 ◦C and with 5% CO2, in a humid atmosphere, after 
checking the adherence of the cells. All cell lines are tested at a con
centration of 10,000 cells/well. After the incubation period, the cells 
were corrected: TCA (10% w/v; 100 μL) was previously cooled, and 
plates were incubated for 1 h at 4 ◦C, washed with water, and, after 
drying, an SRB solution (0.057%, m/v; 100 μL) was added, left to stand 
at room temperature for 30 min. To remove non-adhered SRB, plates 
were washed three times with acetic acid (1% v/v) and placed to dry. 
Finally, an adhered SRB was solubilized with Tris (10 mM, 200 μL), and 
the absorbance at a wavelength of 540 nm was read in the Biotek 
ELX800 microplate reader. The results are expressed in terms of the 
concentration of the sample with the ability to inhibit cell growth by 
50% (GI50), and ellipticine was used as a positive control. 

The anti-inflammatory activity was determined as follows. The OLE 
or nanoparticles were dispersed in H2O to obtain a final 8 mg.mL− 1 

dispersion. Then water was added to obtain the concentrations to be 
tested (0.125–8 mg.mL− 1). The RAW 264.7 mouse macrophage cell line, 
obtained from DMSMZ - Leibniz - Institut DSMZ - Deutsche Sammlung 
von Mikroorganismen und Zellkulturen GmbH, was grown in DMEM 
medium, supplemented with heat-inactivated (SFB) fetal serum (10%), 
glutamine and antibiotics, and kept in an incubator at 37 ◦C, with 5% 
CO2 and under a humid atmosphere. Cells were detached with a cell 
scraper. An aliquot of the cell suspension of macrophages (300 μL) with 
a cell density of 5 × 105 cells.mL− 1 and a proportion of dead cells below 
5%, according to the Trypan blue exclusion test, was placed in each well. 
The microplate was incubated for 24 h in the incubator with the pre
viously indicated conditions to allow adequate cell adherence and 
multiplication. After that period, the cells were treated with different 
concentrations of OLE or nanoparticles (15 μL, 0.125–––8 mg.mL− 1) and 
incubated for one hour, with the range of concentrations tested being 
6.25–––400 μg.mL− 1. Stimulation was performed by adding 30 μL of the 
liposaccharide solution - LPS (1 mL.mL− 1) and incubating for 24 h. 
Dexamethasone (50 mM) was used as a positive control, and samples 
without LPS were used as a negative control. Nitric oxide was quantified 
using a Griess reagent system kit (nitrophenamide, ethylenediamine, 
and nitrite solutions) and through the nitrite calibration curve (100 mM 
sodium nitrite at 1.6 mM) prepared in a 96-well plate. The nitric oxide 
produced was determined by reading absorbances at 540 nm (ELX800 
Biotek microplate reader, Bio-Tek Instruments, Inc., Winooski, VT, USA) 
and compared with the standard calibration line. The results were 
calculated through the graphical representation of the percentage of 
inhibition of nitric oxide production versus the sample concentration 
and expressed in relation to the concentration of each of OLE or nano
particles that causes the 50% inhibition of nitric oxide production (IC50). 

2.4. Application of OLE and nanoparticles as natural antioxidants for 
edible oils 

2.4.1. Oil samples preparation 
OLE, nanoparticles, and the synthetic antioxidant BHT were added to 

palm, palm kernel, and soybean oils. The concentration of antioxidants 
was defined based on the recommendation of the Brazilian Regulatory 
Agency RDC n◦ 281 (ANVISA, 2019). BHT concentration used as 300 
mg.kgoil

-1 . Oil samples were heated to 40 ◦C and then nanoparticles were 
added at 0, 150, 300, and 450 mgNP.kgoil

-1 . Oils containing free OLE were 
also obtained containing 47, 94, and 141 mgOLE.kgoil

-1 (OLE was added to 
match the OLE concentration in the nanoparticles). 

2.4.2. Oil analysis and stability 
Gas Chromatography (GC) was used to determine the fatty acids 

profile. Methyl tricosanoate (23:0, Sigma-Aldrich) was used as an in
ternal standard according to Hartman and Lago methodology (Milinsk 
et al., 2008). Fatty acid methyl esters (FAMEs) were separated, identi
fied, and quantified using chromatography standards (Sigma-Aldrich, F. 
A.M.E. Mix C14-C22) (Joseph & Ackman, 1992). Transesterifications 
were performed in triplicate. 

The oxidative stability of the oils was evaluated by Rancimat (892 
Professional Rancimat, Metrohm) to determine their induction time (h). 
Measurements were done with 3 g of each oil sample at 131 ◦C under an 
oxygen flow of 20 L.h− 1. The procedure was performed in duplicate and 
results were submitted to analysis of variance (ANOVA) and Tukey’s test 
at a 5% significance level (p < 0.05) using the Matlab program (R2021a, 
MathWorks). 

The Schaal Oven Test was used to evaluate the accelerated stability 
of the palm kernel oil containing nanoparticles at 150 and 300 mgNP.kgoil

- 

1 and BHT at 300 mg.kgoil
–1. Samples were placed in open Eppendorf tubes 

(2 mL), in duplicate, and taken to the oven for seven days at 60 ◦C 
(Guimarães-Inácio et al., 2018). Solutions of the oil in isooctane (1:1000 
v:v) were obtained and filtered with hydrophilic PTFE syringe filters 
(0.45 µm) and analyzed daily in a UV–Vis Spectrophotometer using a 
quartz cuvette with 1 cm light path. A baseline correction algorithm was 
applied to each spectrum (Matlab R2021a software, MathWorks). Data 
were organized in a three-dimensional tensor format, and the PARAFAC 
chemometric tool was applied (Rosa et al., 2019). The PARAFAC is a 
multivariate calibration method used to determine an analyte in situa
tions where interferents are present in the sample. It allows modeling the 
interferents together with the analyte of interest, replacing the physical 
separation of the species with a chemometric separation of the signals. 
The advantages of this method include speed, reduction in the use of 
reagents, low cost, and simplification in sample preparation, which re
duces possible errors caused by manipulation. PARAFAC is a general
ization of PCA for multidimensional data and a restricted version of the 
Tucker method. It is less flexible and uses fewer degrees of freedom, 
making it suitable for modeling systems with factors related to physi
cochemical laws (Sena et al., 2005). 

3. Results and discussion 

3.1. OLE and nanoparticles characterization 

Table 1 presents the quantification of the phenolic compounds pre
sented in the olive leaf extract (OLE). 

The most abundant phenolics found were isorhamnetin, quercetin, 
luteolin, and isorhamnetin and the total phenolic compounds was 
12.566 ± 0.256 mg.gextract

-1 . The phenolic compounds found in the 
extract was very similar to that previously reported (da Silva et al., 2022; 
D’Antuono et al., 2014; Li et al., 2017; Llorent-Martínez et al., 2015; 
Sanz et al., 2012). 

The leaf extraction yield (EY %) and in situ nanoencapsulation yield 
(NPY %) found were 27 ± 3% of extract to the leaves mass (or 29 ± 3 % 
on a dry basis), and 69 ± 4%, respectively. Şahin and Şamlı (2013) 
found an extraction yield of 20.1 % (201.2 mg of extract per gram of 
dried olive leaf) and concluded that the hydroethanolic solvent (50:50) 
resulted in a greater extraction yield than pure ethanol. Coppa et al. 
(2017) found an extraction yield of 25.9 ± 0.6 % using water/ethanol 
(30/70) as solvent by dynamic maceration. The extraction yield found in 
the present work was higher than that found by other authors, probably 
due to the different origins of the leaves, as well as the high shear pro
moted by the rotor–stator system (Santos et al., 2018). Furthermore, the 
NPY probably is not close to 100% because part of zein was removed 
with the residual leaves during centrifugation. The interaction between 
zein and lignin (that is part of the leaves) was already reported by Oli
viero et al. (2011), who identified these interactions by infrared spec
troscopy and X-ray diffraction. 
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The visual aspect of the olive leaves used in this work, the OLE, and 
the nanoparticles can be observed in Fig. 1. Images obtained by Trans
mission Electron Microscopy (TEM) are presented in Fig. 2. 

DLS analysis of nanoparticles indicated a polydispersity index (PDI) 
of 0.9 ± 0.1 and an average intensity diameter Dz equal to 638.5 ± 55.8 

nm, which may be considered a wide distribution (Leimann et al., 2013, 
Cháirez-Ramírez et al., 2015). However, a careful inspection of the 
microscope images demonstrated that the larger particles may actually 
be clusters of smaller particles, which could explain the large values of 
PDI and average sizes found. Such results are greater than those reported 

Table 1 
Chromatographic and mass responses, tentative identification, and quantification (mg.gextract

-1 ) of the phenolic compounds found in olive leaf extracts.  

Peak Rt (min) λmax (nm) [M¡H]- (m/z) MS2 (m/z) Tentative identification Quantification 
(mg.gextract

-1 ) 

1 4.19 281 315 153(100),123(5) Hydroxytyrosol glucoside 0.0369 ± 0.0004 
2 5.38 281 153 123(100) Hydroxytyrosol 0.0285 ± 0.0001 
3 9.53 324 593 503(29),473(100),383(12),353(22),325(5) Apigenin-6-C-hexoside-8-C-hexoside tr 
4 11.95 285 639 621(100),529(15),459(7),179(5) β-Hydroxyverbascoside diastereoisome 0.00252 ± 0.00001 
5 13.28 344 609 301(100) Quercetin-O-deoxyhexosyl-hexoside 0.943 ± 0.003 
6 15.22 281 525 481(100),389(28),345(20),19589),165(18) Demethyloleuropein 0.143 ± 0.003 
7 16.54 285,329 449 287(100) Eriodictyol-O-hexoside 0.618 ± 0.021 
8 16.66 329 623 461(100),315(10) Isorhamnetin-O-hexoside-O-rhamnoside 1.288 ± 0.022 
9 17.35 334 739 593(100),285(23) Luteolin-O-deoxyhexosyl-O-deoxyhexosylhexoside 0.6944 ± 0.0003 
10 17.62 344 609 301(100) Quercetin-3-O-rutinoside 2.108 ± 0.045 
11 18.03 347 593 285(100) Luteolin-O-deoxyhexoside-hexoside 1.988 ± 0.055 
12 19.2 345 447 285(100) Luteolin-O-hexoside 3.256 ± 0.16 
13 20.74 324 701 539(100),377(10),307(5) Oleuropein hexoside isomer I 0.027 ± 0.001 
14 21.71 332 623 315(10) Isorhamnetin-O-deoxyhexoside-hexoside 0.9 ± 0.008 
15 23.67 335 701 539(21),377(100),307(79) Oleuropein hexoside isomer II 0.176 ± 0.007 
16 24.64 333 539 377(100),307(43),197(5),153(5) Oleuropein 0.345 ± 0.006 
17 25.01 339 539 377(100),307(37),197(5),153(5) Oleuropein isomer I 0.0052 ± 0.0004 
18 28.35 328 583 537(100),403(94),223(9),151(5) Lucidumoside C 0.006 ± 0.0002 
Total Phenolic Acids 0.0654 ± 0.0005 
Total Iridoid Glucosides 0.704 ± 0.008 
Total Flavonoids 11.796 ± 0.263 
Total Phenolic Compounds 12.566 ± 0.256 

tr – trace amounts. Standard Calibration curves used for quantfiication: apigenin-6-C-glucoside (y = 107,025x + 61,531, R2 = 0.9989; LOD = 0.19 µg/mL; LOQ = 0.63 
µg/mL, peak 3), hydroxityrosol (y = 124154x + 17393, R2 = 0.9999, LOD = 1.22 µg/mL; LOQ = 3.68 µg/mL, peak 1 and 2), naringenin (y = 18433x + 78903, R2 =

0.9998, LOD = 0.17 µg/mL and LOQ = 0.81 µg/mL, peak 7), oleuropein (y = 32226x + 12416; R2 
= 0.9997; LOD = 0.69 µg/mL and LOQ = 1.96 µg/mL, peaks 4, 6, 13, 

15, 16, 17, and 18), quercetin-3-O-glucoside (y = 28555x + 3032.3, R2 = 0.9996, LOD = 0.02 µg/mL; LOQ = 0.07 µg/mL, peaks 5, 8, 9, 10, 11, 12, and 14). 

Fig. 1. (A) Olive leaves used in this work, varieties (I) Arbequina, (II) Arbosana, and (III) Koroneik; (B) zein nanoparticles containing OLE; and (C) Olive leaf 
extract (OLE). 

A. Santos de Carvalho et al.                                                                                                                                                                                                                  



Food Research International 173 (2023) 113363

6

by Lemes et al. (2017) in the nanoencapsulation of curcumin in zein by 
the same technique (Dz equal to 190 ± 2 nm and PDI of 0.25 ± 0.01). 
Calliari et al. (2020) encapsulated hibiscus extract in zein, also by 
nanoprecipitation, and found values equal to 216 ± 27 nm and 0.25 ±
0.02 for Dz and PDI, respectively. The difference is probably due to the 
fact that zein possibly interacted differently with the extracted com
pounds and the olive leaves during the in situ extraction/encapsulation 
process. 

Nanoparticles presented spherical structures and sizes ranging from 
13 to 170 nm, and the presence of large aggregates composed by smaller 
nanoparticles was also detected. For instance, a cluster of approximately 
250 nm formed by smaller nanoparticles in the range of 20 nm may be 
seen in Fig. 2 (A). Also, a large cluster of approximately 12 µm can be 
observed in Fig. 2 (C). do Prado Silva et al. (2017) found a very similar 
morphology and sizes (between 80 and 600 nm) to those presented in 
Fig. 2 in the encapsulation of lutein using the same nanoencapsulation 
technique, wall material (zein), and surfactant (sodium caseinate). 

Fig. 3 presents the FTIR spectra of the analyzed samples. For all 
samples, the characteristic band of hydroxyl groups (–OH) was identi
fied (3600 to 3000 cm− 1). Also, the –CH stretch typical band was found 
at approximately 2920 cm− 1. Other bands identified in the analyzed 
spectra were: around 1530 cm− 1, probably referring to C = O bonds; 
1250 cm− 1, related to C-N stretching and N–H (amide) bending com
bination; and 1080 cm− 1 referred to stretching of C-O-C bonds (Deng 
et al., 2019). 

For the zein sample, the bands found at 1633 cm− 1, and 1520 cm− 1 

are characteristics of amides I and amide II of β-sheet structures (Zhu 
et al., 2021). Hajjari et al. (2021) found similar results for bands related 
to amide (N–H) groups (1645, 1517, and 1447 cm− 1), and for the C–H 
elongation (2930 cm− 1). 

The FTIR results showed for nanoparticles sample a reduction in the 
intensity of the hydroxyl characteristic bands from the antioxidant 
compounds from olive leaf extract (3420 cm− 1), as well as the –NH 
group of zein (1651 cm− 1), when compared to pure zein and MF, indi
cating reticulation of zein by hydrogen bonding interaction with the 
extract. Erdogan, Demir and Bayraktar (2015) produced electrospun 
zein fibers containing olive leaf extract. The authors found the same 
results seen in the present work, indicating that the crosslinking of zein 
occurred due to the interaction with the polyphenolic compounds of the 
extract. The same effect has been observed by other authors who 
encapsulated other extracts containing polyphenols in proteins such as 
gelatin (Zhao & Sun, 2017) and isolated protein from soybean (Souza 
et al., 2020). Also, this reinforces the hypothesis that the interaction 
between the components during the extraction/encapsulation process 
may have affected the size of the nanoparticles. 

The reduction in the intensity of bands located at 2851 and 2928 
cm− 1 (stretch –CH) may indicate the creation of a zein layer over the 
extract. The same was verified for this region in work by de Souza 
Tavares et al. (2021) for a similar intensity reduction for zein 

nanocapsules loaded with Origanum vulgare Linneus and Thymus vulgaris 
that had their bands shifted by 2966 cm− 1 (blank particles) for 2959 
cm− 1. 

For the free extract (OLE), the band located at 1700 cm− 1 related to 
C = O present in phenolic compounds was found. When analyzing the 
physical mixture, it was possible to observe an increase in the intensity 
of this band due to C = O bonds from zein and sodium caseinate (NaCas). 
Comparing the physical mixture with the nanoparticles, the intensity of 
the bands presented in the region between 1500 and 1700 cm− 1 

Fig. 2. Transmission Electron Microscopy (TEM) images of zein OLE-loaded nanoparticles.  

Fig. 3. FTIR spectra of free OLE, sodium caseinate (NaCas), zein, physical 
mixture of the components and OLE-loaded nanoparticles (NPs). 
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increased, possibly due to strong interactions of OLE compounds with 
amide I and II zein groups. The same behavior may be observed for the 
band close to 800 cm− 1, probably referring to C-O bonds. Rikhtehgaran 
et al. (2021a), who encapsulated OLE in caseinate micelles, described 
the same behavior and stated that encapsulation affects the conforma
tional changes in the encapsulating agent, leading to the formation of 
new bonds between the nanocarrier and OLE constituents. 

The DSC curves of the samples are presented in Fig. 4. Zein showed a 
thermal transition onset at 66 ◦C and degradation starting from 173 ◦C. 
Hajjari et al. (2021) reported the degradation of zein between 250 and 
450 ◦C and explained it by the degradation of protein internal covalent 
bonds. Furthermore, they found a thermal transition for zein between 
143 and 186 ◦C and attributed this temperature to a glass transition (Tg). 
In the present work, the transition started at 173 ◦C, a value within the 
Tg range indicated by Feng et al. (2020). However, the degradation 
temperature was not visible. These variations may be associated with 
the corn variety from which the zein was extracted, the cultivation 
location, and the treatment conditions. All these conditions may inter
fere with the polymer’s structure and, consequently, its thermal degra
dation temperature. 

The olive leaf extract (OLE) presented a thermal transition starting at 
approximately 150 ◦C. The physical mixture sample of components 
present in nanoparticles formulation (zein, sodium caseinate, and 
extract) showed a peak temperature at 173 ◦C, the same point found for 
pure zein. Nanoparticles presented the transition onset at 250 ◦C. As de 
Souza Tavares et al. (2021) reported, phenolic compounds are prone to 
form hydrogen bonds with the structure of zein. Thus, it is possible that 
there was cross-linking between the phenolic compounds of OLE and 
zein, increasing the thermal stability and indicating the three- 
dimensional structure formation. Furthermore, it was possible to 
detect the degradation temperature of the extract in the physical 
mixture, which was not observed in the nanoparticles. González-Ortega 
et al. (2020) microencapsulated the olive leaf extract in maltodextrin 
and trehalose by freeze-drying and found thermal events between 111 
and 175 ◦C. This may indicate that the nanoparticles prepared in the 
present work are more thermally stable since they started to degrade at 
250 ◦C. 

The TGA curves are shown in Fig. 5, and the 1st derivatives (DTGA) 
were also plotted for each sample. The residual mass at the end of the 
analysis (600 ◦C) was 18.3 % for zein, 22 % for the physical mixture, and 
29.6 % for the nanoparticles. Moreno et al. (2019) found 17 % of re
sidual mass for electrospun pure zein fibers at 600 ◦C. The increase in the 
residual mass in the nanoparticles sample may indicate a greater resis
tance to degradation, which may be due to the crosslink between zein 

with the polyphenolic compounds of the extract (Erdogan et al., 2015), 
which corroborates the FTIR results. It became more evident DTGA 
curves that the beginning of OLE thermal degradation was at 150 ◦C 
with a maximum of 200 ◦C. Also, the maximum degradation tempera
tures for zein, physical mixture, and nanoparticles were detected at 324, 
311, and 311 ◦C, respectively. Hajjari et al. (2021) found thermal 
degradation for zein between 47 and 85 ◦C (moisture loss) and 295 and 
354 ◦C and explained it by the degradation of the internal covalent 
bonds of the zein. Although the signals were relatively reduced in the 
nanoparticles sample, the DTGA curves showed a mass loss peak in a 
higher temperature when compared to the OLE sample, suggesting the 
interaction between the OLE components and the zein and an increase in 
the thermal stability. 

3.2. Antioxidant, cytotoxic, and anti-inflammatory activity of OLE and 
OLE-loaded nanoparticles 

Table 2 presents the antioxidant capacity by DPPH, ABTS, FRAP and 
TBARS results of free OLE and the nanoencapsulated extract. 

The free extract (OLE) showed higher antioxidant capacity when 
compared to the nanoencapsulated extract. It was also found that the 
concentration of both OLE and nanoparticles was much lower for 
inhibiting free radical scavenging for ABTS than DPPH. Azar et al. 
(2021) nanoescapsulated the olive leaf extract in a liquid–liquid emul
sion (a water-soluble extract). The DPPH analysis was performed on 
days 1 and 30 to verify the antioxidant activity over the storage time (0.5 
gsample.mL− 1), resulting in antioxidant activities equal to 90 and 87 %, 
respectively. On the other hand, the authors found a reduction in the 
antioxidant activity equivalent to 6 % for the free extract after 30 days of 
storage. They justified this behavior by nanocapsules’ gradual release of 
the antioxidant compounds. Rikhtehgaran et al. (2021b), who per
formed a release test for casein nanoparticles containing olive leaf 
extract in three fatty food simulants, reported that the release rate was 
lower in the first three hours. After these initial hours, the release was 
gradual (total analysis time of 90 h). 

Lins et al. (2018) carried out a study on olive leaves a pre-extraction 
in soxhlet with n-hexane to remove hydrophobic compounds. Then 
extraction was carried out in methanol:water (80:20 v/v), and the IC50 
for ABTS was found at a concentration of 16.1 ± 1.2 µg.mL− 1, which is 
higher than those presented here. However, they used methanol:water 
solution as extraction solvent, resulting in the extraction of different 
phenolic compounds but may also offer toxicity if residuals are ingested. 

The FRAP results corroborated the antioxidant capacities determined 
by ABTS and DPPH, indicating in this case that OLE has an antioxidant 

Fig. 4. DSC curves of OLE, OLE-loaded nanoparticles (NPs), zein, sodium caseinate (NaCas), and physical mixture (physical mix) of the three components (OLE, zein, 
and NaCas). 
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approximately ten times greater than nanoencapsulated OLE. Lins et al. 
(2018) reported the antioxidant capacity of olive leaf extract (where was 
used the solvent methanol/water, 80:20 v/v) in the extraction), by FRAP 
assay, equal to 281.8 ± 22.8 mgTE.g− 1. The difference in antioxidant 
activity between olive leaf extracts can still be justified by harvesting the 
leaves, their species, or even soil conditions and growing region, which 
may be more conducive to content development antioxidants (Lins et al.. 
2018). Elnahas et al. (2021) reported that the genotype strongly in
fluences olive leaf extract’s phytochemical composition and content. 

Table 3 presents the anti-inflammatory and cytotoxic activity results 

for free and nanoencapsulated OLE. It can be noted that no anti- 
inflammatory activity was detected below 400 µg.mL− 1. The only 
cytotoxic effect found was for free OLE against AGS (gastric carcinoma) 
and NCI-H460 (lung cancer), being more effective against gastric 
carcinoma. 

Fig. 5. A) Mass loss curves obtained by TGA of samples of OLE, NPS containing OLE, zein, sodium caseinate (NaCas), and physical mixture of the three components 
(OLE, zein, and NaCas). DTGA curves: B) zein; C) OLE, D) sodium caseinate (NaCas); E) physical mixture; and F) OLE-loaded nanoparticles. 

Table 2 
Antioxidant capacity of samples by DPPH, ABTS, and TBARS expressed in IC50 and FRAP in µmol Trolox equivalent (TE) per gram of OLE in the sample.   

OLE OLE-loaded nanoparticles 

DPPH IC50 

(mgOLE.mL− 1) 
0.597a ± 0.009 0.803b ± 0.008 

ABTS IC50 

(mgOLE.mL− 1) 
0.136a ± 0.015 0.216b ± 0.001 

FRAP 
(µmolET.gOLE

-1 ) 
4250b ± 26 132a ± 6 

TBARS IC50 

(µg.mL− 1) 
43a ± 3 103b ± 2  

a,b Average results followed by a different letter in the same row indicate a significant difference in the t-Student test (p < 0.05). IC50 values correspond to the extract 
concentration needed to inhibit by 50% the formation of thiobarbituric acid reactive substances (TBARS), Trolox: 9.1 ± 0.3 μg/mL. 

A. Santos de Carvalho et al.                                                                                                                                                                                                                  



Food Research International 173 (2023) 113363

9

3.3. Application of OLE and nanoparticles as natural antioxidants for 
edible oils 

3.3.1. Oils characterzation and Rancimat test 
The OLE and the nanoparticles were added to palm oil, palm kernel 

oil, and soybean oil (fat acids profiles of the oils are presented in 
Table S1, Supplementary Material). Fig. 6 presents the results for the 
induction time determined by the Rancimat method for the oils. 

It is worh noting that the nanoparticles are essentially insoluble in 
the oils, forming a opaque colloidal dispersion when added. The highest 
stability determined by Rancimat was obtained for palm kernel oil, 
which presented the highest amount of saturated fatty acids (Table S1, 
Supplementary Material). The unsaturated fatty acids (UFA) results 
follow the same trend as the induction time of the oils. Regarding the 
soybean oil samples, none of the samples containing OLE (free or 
encapsulated) showed statistical similarity with the oil containing BHT. 
Samples added with free or nanoencapsulated OLE were statistically 
equal with the control sample (no antioxidant added), except for those 
added with nanoparticles at 47 mgOLE.kgoil

-1 . Thus, it can be concluded 
that at the concentrations evaluated, free and nanoencapsulated OLE 
could not improve the oxidative stability of soybean oil. 

Mohammadi et al. (2016) prepared nanoemulsions with the olive 
leaves extract (stabilized with whey protein concentrate and pectin) and 
applied it to soybean oil at 100, 200, and 300 mgnanoparticles/kgoil, as well 
as the free extract separately. The authors demonstrated by the Ranci
mat analysis that free olive leaf extract resulted in a longer induction 
time and explained this fact by the hindered effect caused by the pro
tection promoted by the biopolymers layer around the dispersed 

emulsion droplets that covers the antioxidants. 
Results for palm oil showed the best oxidative stability for the sample 

containing free OLE at a concentration of 141 mgOLE.kg− 1 (8.51 h), 
when compared to BHT. Considering that the extract concentration is 
half of the BHT concentration used, this result shows a significant effect 
of the antioxidant action of the extract. Also, the samples that were 
added with nanoparticles at 141 mgOLE.kg− 1 and free OLE at 94 
mgOLE.kg− 1 presented better oxidative stability than the control palm 
oil sample. 

Salta et al. (2007) applied the OLE (obtained by extraction with 
methanol) to palm oil at a concentration of 200 mg of total polyphenols 
(determined by Folin–Ciocalteau assay) per kg of oil. The authors 
observed an increase in the induction time from 17 h to 21 h when the 
extract was added (Rancimat assay at 110◦ and 20 L.h− 1 of air flow). 
Chiou et al. (2009) fried potatoes with palm oil enriched with OLE at 
120 and 240 mg of total polyphenols per kg oil and concluded that the 
consumption of fries pan-fried in the enriched oils could increase to 1.4-, 
2.2-, and 1.5-fold tocopherols, phytosterols, and squalene intake 
compared to those prepared in the non-supplemented oil. Thus, these 
corroborated the findings from the present work, OLE increased the 
oxidative stability of palm oil. 

The palm kernel oil sample containing 94 mgOLE.kg− 1 of free OLE 
had the highest oxidative stability among all samples, reaching 14.28 h, 
showing similarity to the oxidative stability promoted by BHT  
(p > 0.05). Furthermore, the samples containing nanoparticles at 141 
mgOLE.kgoil

-1 and free OLE at 47 mgOLE.kg− 1 (13.8 h) were also statisti
cally similar, meaning that the olive leaves extract significantly 
impacted the preservation of lipid oxidation. 

3.3.2. Schaal oven test and PARAFAC analisys 
Palm kernel oil was selected based on the Rancimat results to be 

evaluated by the Schaal oven test. The PARAFAC chemometric tool was 
applied using three factors for the tensor deconvolution (Gonçalves 
et al., 2018; Vieira & Regitano-D’Arce, 1998). In Fig. 7, the scores, 
loadings and spectral mode loadings obtained for each factor in the 
PARAFAC method are presented. Fig. 8 presents the UV–Vis spectrum of 
BHT in isooctane. 

As may be observed from the results achieved by PARAFAC shown in 
Fig. 7 (a), the scores from Factor 1 indicated that the oil sample without 
antioxidant and the sample containing 150 mgNP.kgoil

-1 of nanoparticles 
were closely similar. In contrast, the oil samples with nanoparticles at 
300 mgNP.kgoil

-1 are identical to oils with BHT at 300 mgBHT.kgoil
-1 . The 

loadings relative to the spectral mode in Factor 1 (Fig. 7 c) indicated that 
this factor may be associated with primary oxidation products (monoene 

Fig. 6. Induction time determined by Rancimat for soybean, palm and palm Kernel oils containing OLE, OLE-loaded nanoparticles (both at 47, 94, and 141 mgOLE.kgoil
- 

1), BHT (at 300 mg.kgoil
-1 ), and the control sample (no antioxidant added).a,bDifferent letters on the bars indicate a significant difference (p < 0.05) by Tukey’s test. 

Comparisons were made between the different treatments for each oil type separately. 

Table 3 
Anti-inflammatory and cytotoxic activities of free and OLE-loaded 
nanoparticles.   

OLE OLE-loaded nanoparticles 

Anti-inflammatory activity IC50 (µg.mL¡1) 
RAW 264.7 > 400 > 400 
Cytotoxicity IC50 (µg.mL¡1) 
AGSGastric carcinoma 231 ± 14 > 400 
CaCo2Colon adenocarcinoma > 400 > 400 
MCF-7Breast carcinoma > 400 > 400 
NCI-H460Lung cancer 294 ± 15 > 400 
PLP-2Non-tumor cell line 

(primary pig liver culture) 
> 400 > 400 

IC50 values for Dexamethasone: 6.3 ± 0.4 μg/mL (RAW 264.7). GI50 values for 
Ellipticine: 1.23 ± 0.03 μg/mL (AGS), 1.21 ± 0.02 μg/mL (Caco- 2), 1.02 ±
0.02 μg/mL (MCF-7), 1.02 ± 0.01 μg/mL (NCI-H460), 1.4 ± 0.1 μg/ mL (PLP2). 

A. Santos de Carvalho et al.                                                                                                                                                                                                                  



Food Research International 173 (2023) 113363

10

190 nm, α-ketone acid 210 nm, diene 220–230 nm, aldehyde ketone 
220–250 nm) (Gonçalves et al., 2018; Vieira & Regitano-D’Arce, 1998). 
According to the loadings of storage time in Factor 1 (Fig. 7 b), these 
concentrations of oxidation products decreased over the days of expo
sure to temperature and could not be detected after the fourth day. 

For the scores from Factor 2 (Fig. 7 d) it was possible to infer that 
treatments with 300 mgNP.kgoil

-1 and 300 mg.kgoil
-1 BHT also presented 

similar effects on the samples. On the other hand, the oil sample with 
nanoparticles at a concentration of 150 mgNP.kgoil

-1 had the opposite 

behavior, which suggests that this concentration may have caused a pro- 
oxidant effect (Gonçalves et al., 2018; Vieira & Regitano-D’Arce, 1998). 
The loadings related to the spectral mode in Factor 2 (Fig. 7 f) referred to 
oxidation products formed over the exposure of the sample to 60 ◦C 
(loadings related to the days of analysis in Factor 2 - Fig. 7 e). These are 
oxidation products related to the compounds α,β ethylene (310 – 330 
nm), triene (265 – 270 nm); ketonic aldehyde (265 – 280 nm), β-dike
tone (274 nm), α-diketone (280 nm) and α-ketoaldehyde (282 nm). 

Factor 3 was also characterized by similarities between the treat
ments 300 mgNP.kgoil

-1 and 300 mg.kgoil
-1 BHT and the opposite behavior 

for the treatment 150 mgNP.kgoil
-1 (Factor 3 scores in Fig. 7 g). Fig. 7 (h), 

which describes the loadings related to the storage time in Factor 3, 
showed that the concentration of the constituent responsible for this 
factor decreased over the exposure days. When evaluating the loadings 
related to the spectral mode in Factor 3 (Fig. 7 i), it was observed that it 
deals with the spectral profile of antioxidants, corroborating the spec
trum of BHT in Fig. 8. 

4. Conclusions 

The proposed method efficiently extracted/encapsulated olive leaf 
extract using the one-step procedure, leading to the formation of zein 
nanoparticles containing olive leaf extract (OLE). FTIR analysis indi
cated the presence of interactions between the extracted compounds, 
while DSC/TGA demonstrated an increase in the thermal stability of the 
extract. Higher antioxidant activity was found for free OLE when 
compared to the OLE-loaded nanoparticles. No anti-inflammatory ac
tivity was found in the evaluated concentration range (up to 400 µgOLE. 
mL− 1), and only lung cancer and gastric carcinoma were affected by free 
OLE. The antioxidant capacity of free and encapsulated OLE were 
compared to BHT, a known synthetic antioxidant. When added to soy, 
palm, and palm kernel oils, Rancimat significantly improved the 
oxidative stability of palm kernel oil due to its fatty acid composition. 
The Schaal oven test further investigated palm kernel oil, and the 
UV–Vis spectra data were evaluated by the PARAFAC chemometric 
method, revealing equivalent stability for BHT and nanoencapsulated 
OLE at the same concentrations. 

Fig. 7. PARAFAC results. Factor 1: (a) scores; (b) loadings relative to the storage time (days); (c) spectral mode loadings. Factor 2: (d) scores; (e) loadings relative to 
the storage time (days); (f) spectral mode loadings. Factor 3: (g) scores; (h) loadings relative to the storage time (days); (i) spectral mode loadings. 

Fig. 8. UV–Vis spectrum of BHT in isooctane.  
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