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A B S T R A C T   

The effects of phenolic-rich extracts from avocado peels (AP) and seeds (AS) on the colloidal and the lipid 
oxidative stability of oil-in-water (O/W) emulsions/nanoemulsions were evaluated. For this purpose, the inter-
facial tension (IFT) of avocado oil droplets in the presence of extracts and surfactants (low methoxyl pectin, LMP; 
Tween 80, T80), individually or combined, was assessed. Individually, T80 led to the lowest IFT values (4.25 ±
0.02 mN/m), followed by AS and AP extracts (9.27 ± 0.86 mN/m and 12.31 ± 0.10 mN/m, respectively) and 
LMP (14.88 ± 0.05 mN/m). Regarding particle size, the emulsions containing AP and AS extracts were smaller 
(1.45 ± 0.10 μm and 1.11 ± 0.03 μm, respectively), and stabler, than blank emulsions (4.05 ± 0.51 μm). 
Conversely, the extracts, especially AS extract, reduced the stability of nanoemulsions causing a 24-fold particle 
size increase. Nevertheless, AP and AS extracts reduced the formation of secondary oxidation products in 
emulsions/nanoemulsions. These findings provide novel insights into the potential use of avocado waste.   

1. Introduction 

Avocado is a fruit with an increasing demand around the world due 
to its unique flavor, taste, and nutritional properties. Nevertheless, the 
industrial processing of avocado fruits generates a large amount of waste 
comprised of peel, seeds, and other non-edible parts. Avocado peel and 
seed represent the 11% and 16% of the total fruit weight, respectively, 
and are considered as an important source of antioxidants, such as ca-
rotenoids, tocopherols, and phenolic compounds (PC), being the latter 
the most abundant (Salazar-López et al., 2020). Therefore, these resi-
dues could be used as a source of PC to be incorporated as antioxidants 
into food products, increasing their health-related compounds content 
and providing protection against undesirable oxidative reactions in 
foods. 

Avocado peel and seeds have a similar PC composition comprised of 
three main classes: hydroxybenzoic acids, flavonols monomers, and 
proanthocyanidins being the latter the most abundant (Figueroa, Borrás- 
Linares, Lozano-Sánchez, & Segura-Carretero, 2018a, 2018b). Never-
theless, despite the similarities between the avocado peel and seed PC 

composition, different polymerization degrees, and higher procyanidin 
contents are found in seeds (Wang, Bostic, & Gu, 2010). Procyanidins 
are the only type of proanthocyanidins reported in avocado fruits and its 
residues (Figueroa et al., 2018b). These PC are closely related to the 
promotion of cardiovascular health and are comprised of oligomeric 
compounds formed exclusively from catechin and epicatechin mole-
cules. Catechins and its derivatives possess aromatic hydrophobic rings 
and hydroxyl hydrophilic groups in their molecular structure, thus, 
being amphiphilic molecules with potential surface activity. Moreover, 
the polymerization degree and the interflavan bond type (A or B) of the 
catechins and epicatechins oligomeric forms (procyanidins) lead to 
significant differences in their amphiphilic properties. Thus, both avo-
cado peel and seed extracts may be suitable for their use as antioxidants 
in emulsion-based foods to reduce oxidative reactions occurring at the 
interfacial region. 

Emulsion-based foods contain lipids in form of dispersed colloidal 
particles, such as oil-in-water (O/W) emulsions, stabilized by surface- 
active molecules (such as polysorbates, proteins, polysaccharides, and 
phospholipids) at the interfacial region (Decker et al., 2017). The 
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colloidal and oxidative stability of emulsions is highly dependent on the 
interfacial composition, as the type of molecules adsorbed to the lipid 
droplets surface may come into contact with water-soluble pro-oxidants 
such as transition metals, enzymes, and photosensitizers (Yi et al., 
2019). The lipid oxidation is a major concern in the food industry, as it 
shortens the shelf-life, causes consumers rejection and influences the 
safety of food products containing dispersed lipids by the formation of 
off-flavors and toxic reaction products, such as lipid hydroperoxides. 

Recently, the use of interfacial antioxidants, such as antioxidants 
conjugated to surfactants or used as co-surfactants, has been suggested 
as a potentially strategy to reduce lipid oxidation in emulsions (Gu et al., 
2017; McClements & Decker, 2018). In this context, some PC may be 
considered as interfacial antioxidants capable of protecting food prod-
ucts against lipid-induced damage, as they can act as both chelating 
agents and free radical scavengers. The amphiphilic properties of certain 
PC are responsible of their interactions with either water-soluble pro- 
oxidants or free radicals generated at the interfacial region of emulsions. 
Therefore, lipid oxidation may be inhibited by either the binding affinity 
of metallic ions to the deprotonated hydroxyl groups of PC or the free 
radicals scavenging capacity of PC at the initiation or propagation stages 
of lipid oxidation (Zamora & Hidalgo, 2016). In addition, the PC pro-
tection against lipid oxidation has been described to act in a number of 
mechanisms, being able to: (i) inhibit the initial formation of reactive 
oxygen species (ROS) and radicals; (ii) scavenge lipid radicals to prevent 
propagation and (iii) trap the produced lipid-derived reactive carbonyls 
to avoid the consequences of carbonyl-amine reactions (Hidalgo, Del-
gado, & Zamora, 2017). 

The aim of this study was to evaluate the effect of PC-rich extracts 
obtained from avocado peel (AP) or seed (AS) on the colloidal and 
oxidative stability of O/W emulsions stabilized with low methoxyl 
pectin (LMP) or O/W nanoemulsions stabilized with Tween 80 (T80). 
Firstly, in order to identify and quantify the bioactive compounds pre-
sent in each extract, a characterization of the total and individual phe-
nolics, carotenoids and tocopherols within AP and AS ethanolic extracts 
was carried out by spectrophotometry and HPLC-DAD. Secondly, the 
dynamic interfacial tension at oil-water interfaces of the surfactants 
(LMP and T80), the hydrophilic fraction of extracts (AP and AS), and 
their respective combination (AP/LMP, AS/LMP, AP/T80, AS/T80) was 
evaluated using the inverted pendant drop method. Subsequently, these 
extracts were included to the formulation of O/W emulsions and 
nanoemulsions, using LMP or T80 as primary surfactants, to evaluate 
their impact on the colloidal stability in terms of particle size, particle 
size distribution, creaming stability and microstructure throughout 50 
days of storage. Lastly, the role of AP or AS extracts on the lipid 
oxidation of emulsions and nanoemulsions was studied by determining 
the hydroperoxide value and TBARs methods. 

2. Materials and methods 

2.1. Materials 

Avocado fruit and oil (ETHNOS™) were purchased from a local 
market in Lleida, Spain. Avocado oil has a peroxide value ≤20 meqO2/ 
kg, and a similar composition to olive oil, being comprised mainly of 
monounsaturated oil (69.4%), and it also contains diverse bioactive 
compounds (such as tocopherols, carotenoids and phenolic compounds) 
as reported by Flores et al. (2019). Low methoxyl pectin (LMP) was 
kindly donated by Herbstreith & Fox KG, Neuenbürg, Germany. Poly-
sorbate 80 (Tween 80), Florisil® and all solvents were purchased from 
Sigma-Aldrich, Inc. (St. Louis, MO, USA). 

2.2. Avocado peel and seed extracts 

AP and AS extracts were obtained from peels and seeds, previously 
separated from washed avocado fruit, by ethanolic maceration as 
described by Safdar et al. (2017) with minor modifications. Briefly, 

dried AP and AS were macerated using an 80% ethanol solution, with a 
1:15 sample/solvent ratio, and incubated for 20 h at 40 ◦C using an 
orbital shaker. After incubation, the mixture was centrifuged at 5000 
rpm for 10 min at 4 ◦C and filtered through a Whatman paper No. 1. 
Subsequently, ethanol was removed using a rotary evaporator under 
vacuum at 40 ◦C. Finally, AP and AS extracts were lyophilized using a 
laboratory freeze-drier (Telstar Cryodos, Spain), and subsequently 
powdered using a kitchen bender. 

2.3. Chemical characterization and bioactive compounds profile of 
avocado peel and seed extracts 

2.3.1. Total phenolics, flavonoids and anthocyanins content 
The chemical characterization of AP and AS extracts was assessed by 

Folin-Ciocalteu (total phenolic compounds), aluminum chloride (flavo-
noids), and pH-differential (anthocyanins) methods. Firstly, the total 
phenolic compounds (TPC) content of AP and AS extracts was charac-
terized by Folin-Ciocalteu method as described by Mazzucotelli et al. 
(2018). Briefly, 20 μL of extract, 150 μL of 2 N Folin-Ciocalteu reagent 
and 130 μL of a 7.5% sodium carbonate solution were added to a 96-well 
plate, incubated for 30 min and read at 765 nm using a microplate 
reader (Multiskan GO Microplate Spectrophotometer, Thermo Fisher 
Scientific, USA). A calibration curve using gallic acid (0.01–0.2 mg/mL) 
was used to quantify total TPC content, and the results were expressed as 
mg of gallic acid equivalents per gram of dried extract (mg GA/g of 
extract). 

Secondly, the aluminum chloride (AlCl3) colorimetric method was 
performed as described by Marinova, Ribarova, and Atanassova (2005). 
An aliquot (100 μL) of extract was added to 430 μL of solution A (1.8 mL 
of a 5% NaNO2 solution with 24 mL of distilled water) and incubated for 
5 min. Then, 30 μL of a 10% anhydrous AlCl3 solution was added to the 
mixture and incubated for 1 min. Later, 440 μL of solution B (12 mL of 1 
M NaOH with 14.4 mL of distilled water) were added to the mixture. 
Finally, 300 μL of the final mixture were placed into a 96-well plate, and 
the absorbance was read at 496 nm microplate reader (Multiskan GO 
Microplate Spectrophotometer). The total flavonoids content was 
calculated from a catechin (0.01–2.5 mg/mL) calibration curve and 
expressed as mg of catechin equivalents per gram of dried extract (mg 
CE/g of extract). 

Lastly, pH-differential method was performed as described by Teixé- 
Roig, Oms-Oliu, Velderrain-Rodríguez, Odriozola-Serrano, and Martín- 
Belloso (2018). An aliquot of extract was diluted using two different 
buffer systems, 0.025 M potassium chloride (pH 1.0) and 0.4 M sodium 
acetate (pH 4.5), at a 1:3 (sample:solvent) ratio. Then, the absorbance 
was measured using a CECIL 2021 UV/VIS spectrophotometer (Cecil 
Instruments, Cambridge, UK) at 515 and 700 nm, against distilled water 
as blank. The total anthocyanin (TA) content (mg/L) was quantified 
according to Eq. (1): 

TA =

[[
(A515 − A700)pH 1.0 − (A515 − A700)pH 4.5

]
x MW x DF x 1000

]

ε x L
(1)  

where MW is the molecular weight of cyanidin-3-glucoside (449.2 g/ 
mol), DF is the dilution factor, L is the path length (cm), and ε is the 
molar extinction coefficient for cyanidin-3-glucoside (26,900 L mol− 1 

cm− 1). Results were expressed as equivalents of cyanidin-3-glucoside 
per g of dried extract (mg Cyanidin-3-gucoside/g of extract). 

2.3.2. Phenolic compounds profile 
The content of individual monomeric PC in AP and AS was deter-

mined by HPLC-DAD as performed by Morales-de la Peña, Salvia- 
Trujillo, Rojas-Graü, and Martín-Belloso (2017), with some modifica-
tions. Firstly, 0.5 g of AP and AS dried extracts were dissolved using 5 
mL of an 80% methanol solution containing 2 g/L of tertbutylhy-
droquinone and adjusted to pH 2.0. Afterwards, the extracts were 
refluxed in a water bath at 90 ◦C during 2 h for hydrolysis of glycosilated 

G.R. Velderrain-Rodríguez et al.                                                                                                                                                                                                             



Innovative Food Science and Emerging Technologies 69 (2021) 102665

3

or polymerized PC. Subsequently, the hydrolyzed phenolics from AP and 
AS extracts were recovered by adding 10 mL diethyl ethter:ethyl acetate 
(1:1 v/v) solution, and separating organic layers after centrifugation at 
1000 g during 1 min. This step was repeated 3 times, or until no color 
was observed in the upper organic layer. Finally, solvents were removed 
by rotary evaporation, and the extracts were resuspended in 5 mL of 
80% methanol solution and filtered through a 0.45 μm PTFE filter prior 
to injection. 

The individual PC monomers in AP and AS extracts were analyzed 
using an HPLC system equipped with a 600 Controller and a diode array 
detector (Waters, Milford, MA). An aliquot (20 μL) of the previously 
hydrolyzed samples was injected into the HPLC system and separated 
using a reverse-phase C18 Spherisorb® ODS2 (5 μm) stainless steel 
column (4.6 mm × 250 mm) at room temperature with a flow rate of 1 
mL/min. The gradient elution of mobile phases A (water-2.5% formic 
acid) and B (methanol-2.5% formic acid) was performed as described by 
Morales-de la Peña, et al. (2017). The eluted phenolic compounds were 
monitored by a diode array detector (DAD) at 280 nm. The results were 
expressed as mg per 100 g of dried extract (mg/100 g of extract). 

2.3.3. Carotenoids identification and quantification 
Carotenoids from AP and AS extracts were determined as described 

by Yoon (2016), with minor modifications. Briefly, 1 g of CaCl2 was 
added to 1 g of powdered AP or AS extracts and 25 mL of extraction 
solution comprised by 50% (v/v) hexane, 25% (v/v) ethanol, 25% 
acetone and 0.1% (w/v) BHT. The mixture was stirred for 20 min before 
the addition of 7.5 mL of milli-Q water, and a final stir for 10 min. The 
organic phase was collected, and the absorbance was measured at 450 
nm with a CECIL 2021 UV/VIS spectrophotometer. The total β-carotene 
content was calculated from a β-carotene calibration curve (0.4–12.5 
μg/mL) and expressed as mg of β-carotene equivalents per g dried 
extract (mg β-carotene eq/g of extract). 

The content of individual carotenoids in AP and AS extracts was 
determined as performed by Morales-De La Peña, Salvia-Trujillo, Rojas- 
Graü, and Martín-Belloso (2011). The previously collected organic 
phase was injected into an HPLC system equipped with a 600 Controller 
and a diode array detector (Waters, Milford, MA). An aliquot (20 μL) of 
samples was injected into the HPLC system and separated using a 
reverse-phase C18 Spherisorb® ODS2 (5 μm) stainless steel column (4.6 
mm × 250 mm) at room temperature with a flow rate of 1 mL/min 
aliquot. A gradient mode was performed using four eluents: (A) meth-
anol/0.1 M ammonium acetate, (B) milli Q water, (C) methyl-tert-butyl 
ether and (D) methanol. The flow rate was fixed at 1 mL/min and the 
total run time was 60 min. The column was set at 30 ◦C, while samples 
were kept in amber vials within the auto sampler set at 4 ◦C. The eluted 
phenolic compounds were monitored by a diode array detector (DAD) at 
450 nm, quantified using calibration curves of the identified caroten-
oids, and expressed as mg per 100 g of dried extract (mg/100 g of 
extract). 

2.3.4. Total tocopherols content 
Total tocopherols in AP and AS extracts were determined as 

described by Andrés, Villanueva, and Tenorio (2014), with some mod-
ifications. One gram of either AP or AS extract was dissolved using 5 mL 
the mobile phase solution, methanol:THF:water 67:27:6 (v/v/v), soni-
cated for 15 min and filtered through a 0.45 μm PTFE filter. An aliquot 
(40 μL) of extracts was injected into the HPLC system and separated 
using a reverse-phase C18 Spherisorb® ODS2 (5 μm) stainless steel 
column (4.6 mm × 250 mm) at room temperature with a flow rate of 1 
mL/min. An isocratic mode was performed, and the eluted tocopherols 
were monitored by a diode array detector (DAD) at 290 nm. Concen-
trations were individually calculated using a calibration curve for α-, β-, 
γ- and δ-tocopherols and expressed as mg of tocopherol per 100 g of 
dried extract (mg/100 g of extract). 

2.3.5. Total antioxidant activity 
The antioxidant activity of AP and AS extracts was measured by 2, 2- 

diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azinobis(3-ethylbenzothiazi-
line-6-sulfonate) (ABTS) and ferric reducing antioxidant power (FRAP), 
adapted to a microplate reader as described by G. Velderrain-Rodríguez 
et al. (2016) and G. R. Velderrain-Rodríguez et al. (2018). Briefly, DPPH 
was performed by the addition of a 20 μL aliquot of each extract into a 
96-well plate containing 280 μL radical solution, previously adjusted to 
an absorbance of 0.70 ± 0.02. The mixture was incubated for 30 min, to 
be subsequently read at 515 nm using a microplate reader (Multiskan 
GO Microplate Spectrophotometer). The ABTS•+ cation was generated 
by adding 88 μL of potassium persulfate solution (0.0378 g/mL) to an 
ABTS aqueous solution (3.84 mg/mL) and incubated for 16 h at room 
temperature in total darkness. The absorbance of the generated radical 
was adjusted to 0.70 ± 0.02 at 754 nm. Subsequently, a 5 μL aliquot of 
each extract was mixed with 245 μL of the adjusted ABTS⋅radical solu-
tion, incubated for 5 min, and then read at 754 nm using a microplate 
reader (Multiskan GO Microplate Spectrophotometer). Lastly, FRAP 
assay was performed by adding 20 μL of extract to 280 μL of FRAP so-
lution, which was prepared by mixing 5 mL of 10 mM TPTZ solution 
(dissolved in 40 mM HCl), 5 mL of a 20 mM ferric chloride (FeCl3) so-
lution and 50 mL of acetate buffer (200 mM, pH 3.6). The samples were 
incubated for 30 min at room temperature and read at 630 nm using a 
microplate reader (Multiskan GO Microplate Spectrophotometer). The 
results obtained from the different antioxidant activity assays were 
expressed as mMol of equivalents Trolox per gram of dried extract 
(mMol Trolox/g of extract). 

2.4. Interfacial activity of avocado peel and seed extracts 

The interfacial tension (IFT) measurements were carried out in a 
Kruss DSA 25 Drop Shape Analyzer (Krüss, Germany) with the inverted 
pendant drop method, as performed by Baig, Soleimani, Yahya, and 
Sabet (2019) with some modifications. According to Bancroft’s rule, oil- 
in-water (O/W) emulsions are stabilized using surfactants solubilized in 
the aqueous phase (Mohamed, Sultan, Hussein, & Al-Muntasheri, 2017). 
Therefore, the interfacial properties of the hydrophilic fraction of AP 
and AS extracts, surfactants (LMP and T80) and their combinations (AP/ 
LMP, AS/LMP, AP/T80, AS/T80), was addressed in this study. The effect 
of AP and AS extracts hydrophobic fraction was not considered in this 
study, as they are not directly in contact with the surfactants dissolved in 
the aqueous phase. Thus, the extracts were dissolved in using Milli-Q 
water and filtered through PTFE 0.45 μm filters to obtain the water- 
soluble fraction and avoid the presence of large undissolved particles. 
First, the IFT values of avocado oil droplets, in the absence of either the 
extracts or the surfactants, were evaluated using solely Milli-Q water. 
Then, aqueous solutions containing the extracts, the surfactants, or the 
extract/surfactant combinations (1:1) were prepared to obtain solutions 
with a final concentration of 0.1% (w/w). Then, the solutions were 
placed into a glass cuvette positioned in front of a high-speed camera. 
Prior the analysis, impurities in avocado oil were removed by adding 
20% (w/v) of magnesium silicate (Florisil®) and stirring on a magnetic 
stirrer for 2 h. The purification step was necessary to obtain stable 
interfacial tension values of avocado oil droplets, but not for the emul-
sions/nanoemulsions formation. The mixture was allowed to stand 
overnight for precipitation of magnesium silicate. Purified oil was 
loaded into a syringe with a 0.5 mm J-shaped needle and immerged into 
the glass cuvette containing the previously described solutions. The 
image was recorded immediately after the oil droplet formation to 
obtain a droplet profile and calculate the IFT using the simple version of 
Laplace equation, σ = RPc/2, where R and Pc are, respectively, the 
experimental drop radius and capillary pressure. Thus, changes in the 
IFT values were followed for 2 h at 25 ◦C and expressed as millinewton 
per meter (mN/m). 
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2.5. Emulsions and nanoemulsions formation 

The O/W emulsions and nanoemulsions formation was performed as 
described by Salvia-Trujillo, Decker, and McClements (2016), with 
minor modifications. The O/W emulsions were prepared using low 
methoxyl pectin (LMP) as surfactant, whereas nanoemulsiones were 
prepared using Tween 80. The emulsions and nanoemulsions composi-
tion were as follows: avocado pulp oil (10% w/w), 10 mM citric acid 
buffer (89% w/w), surfactants (1%) and sodium azide (0.01% w/w) as a 
preservative. Prior the formation of the coarse emulsions, 0.5% (w/w) of 
AP or AS ethanolic extracts were added and homogenized at room 
temperature (20–25 ◦C) using an Ultra-Turrax T25 at 15,000 rpm for 3 
min. Emulsions and nanoemulsions without ethanolic extracts were also 
homogenized following the same protocol and subsequently referred to 
as blank emulsions/nanoemulsions. Both O/W systems were obtained 
after passing the coarse emulsion three times through a microfluidizer 
(model M110-P, Microfluidics, Newton, MA) working at 7000 psi. The 
microfluidizer was also coupled to a cooling water bath to prevent an 
increase in temperature and maintain it between 20 and 25 ◦C. Finally, 
blank emulsions/nanoemulsions without extract and containing AP and 
AS extracts were stored in 50 mL falcon tubes at room temperature for 
50 days. 

2.6. Particle size and particle distribution 

The droplet size and distribution of O/W emulsions and nano-
emulsions containing AP and AS extracts were measured by static light 
scattering (SLS) using a Mastersizer 3000 (Malvern Instruments Ltd., 
Worcestershire, UK). Distilled water was used as the dispersant phase, 
with a refractive index of 1.465 for avocado oil. Data was reported as the 
volume-weighted mean diameter (d4,3) and expressed in micrometers 
(μm). 

2.7. Turbidity over time 

The turbidity of O/W emulsions and nanoemulsions containing AP 
and AS extracts was followed during 50 days of storage at room tem-
perature using a Turbiscan® MA 2000 (Formulaction, France). To 
perform these measurements, 7 mL of O/W emulsions or nanoemulsions 
was added into flat-bottomed cylindrical glass tubes and scanned from 
the bottom to the top by a light source (at 850 nm). Data obtained was 
expressed as backscattering percentage (BS, %) during storage time (50 
days). 

2.8. Fluorescence microscopy 

The images of O/W emulsions and nanoemulsions were taken at the 
initial (Day 0) and final (Day 50) time of storage were obtained to 
visualize the effect of AP or AS ethanolic extracts on their colloidal 
destabilization behavior and to detect possible flocculation or coales-
cence phenomena. The images were obtained by fluorescence micro-
scopy as described by Artiga-Artigas, Molet-Rodríguez, Salvia-Trujillo, 
and Martín-Belloso (2019). Briefly, oil droplets were dyed by adding 12 
μL of a 0.1% (w/v) Nile red ethanolic solution, to 1 mL of O/W emulsion. 

2.9. Lipid oxidative stability 

Lipid oxidation was considered to evaluate the oxidative stability of 
emulsions and nanoemulsions containing AP or AS extracts (Yi et al., 
2019). In that sense, the peroxide value (PV) and thiobarbituric reactive 
species (TBARS) assays were perform as indicators for the presence of 
oxidation products during storage conditions of O/W emulsions. In 
order to accelerate the lipid oxidation, 50 μL of a 100 mM Fe2+ solution 
(prepared from Fe2SO4 and containing 100 mM EDTA) were added to 
100 mL of recently prepared emulsions. The oxidation-induced emul-
sions were analyzed throughout 50 days of storage at room temperature. 

The concentration of hydroperoxides in O/W emulsions and nano-
emulsions was determined as described by Salvia-Trujillo et al. (2016). 
The emulsions organic phase was extracted by adding 1.5 mL of 
isooctane/2-propanol [3:1 v/v] to a 0.3 mL sample aliquot, vortexed 3 
times for 10 s each and centrifuged for 1 min at 1000 g. Then, 0.2 mL of 
the organic phase was mixed with 2.8 mL of a methanol/buthanol [2:1 
v/v] solution, 15 μL of a 3.94 M thiocyanate solution and 15 μL of a 
0.072 M Fe2+ solution. The mixture was vortexed and incubated in the 
absence of light at room temperature for 20 min. After incubation, the 
absorbance was measured at 510 nm and the final concentration of 
hydroperoxides was calculated using a standard curve of cumene 
peroxide. 

The evaluation of the oxidative stability of O/W emulsions and 
nanoemulsions in presence of AP and AS extracts, was also measured by 
TBARS as performed by Salvia-Trujillo et al. (2016), with minor modi-
fications. For these measurements, an aliquot (1 mL) of sample was 
added to 2 mL TBARS solution in a screw cap test tube. The TBARS 
solution was prepared by mixing 100 mL of a solution containing 20% 
(w/v) trichloroacetic acid (TCA), 0.375% (w/v) thiobarbituric acid 
(TBA) and 0.25 M HCl with 3 mL of 2% (w/v) of butylated hydrox-
ytoluene (BHT) in ethanol. The samples were incubated in a water bath 
at 95 ◦C for 15 min, cooled down in a water bath, and centrifuged at 
1000 g for 15 min. Afterwards, they were filtered through a 0.45 μm 
nylon membrane filter and measured at 532 nm. Results were expressed 
as μM of 1,1,3,3-Tetraethoxypropane (TEP) using a standard calibration 
curve. 

2.10. Statistical analysis 

All the experiments were carried out in duplicate, with at least three 
measurements by each assay performed. Statistical differences were 
analyzed by one-way ANOVA and a Tukey-Kramer multiple comparison 
test (p < 0.05) using the statistical software NCSS 2007. 

3. Results and discussion 

3.1. Bioactive compounds profile in AP and AS extracts 

The chemical characterization in terms of bioactive composition of 
AP and AS extracts is presented in Table 1. In all cases, AP extract had a 
higher content of bioactive compounds and antioxidant activity values 
compared to AS extract. In terms of TPC, AP had 174.36 ± 11.41 mg CE/ 
g of extract, being 2.4-fold higher than the values observed in AS ex-
tracts (70.37 ± 6.18 mg CE/g of extract). A similar relation was observed 
between the antioxidant activity of extracts, as AP extract had 2-fold 
higher values than AS by either DPPH, ABTS or FRAP assays. More-
over, a higher content of anthocyanins and flavonoids were observed in 
AP, with 2.79 ± 0.07 mg of cyanidin-3-glucoside/g of extract and 36.40 
± 1.53 mg of CE/g of extract, respectively. In agreement to our results, 
Colombo and Papetti (2019) reported that avocado peel generally has a 

Table 1 
Chemical characterization of the avocado peel (AP) and seed (AS) extracts 
bioactive compounds and antioxidant activity.   

AVOCADO 
PEEL 

AVOCADO 
SEED 

Total phenolics (mg GA eq./g of extract) 142.23 ± 8.67 63.19 ± 4.70 
Total anthocyanins (mg Cyanidin-3-glucoside/ 

g of extract) 
2.79 ± 0.07 1.61 ± 0.05 

Total Flavonoids (mg Cat. eq./g of extract) 36.40 ± 1.53 6.18 ± 0.66 
Total carotenoids (μg β-carotene eq./g of 

extract) 
10.56 ± 0.59 0.65 ± 0.09 

DPPH (mMol Trolox/g of extract) 0.40 ± 0.06 0.20 ± 0.02 
ABTS (mMol Trolox /g of extract) 1.62 ± 0.12 0.78 ± 0.03 
FRAP (mMol Trolox T./g of extract) 1.02 ± 0.04 0.41 ± 0.02 
Data shown represents the mean ± standard 

deviation of n = 3.    
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higher PC content than seeds and pulp, along with a higher antioxidant 
activity measured by different assays. 

Regarding the PC profile, the results in Table 2 shown that AP and AS 
have a similar composition, being flavonoids and hydroxycinnamic 
acids the main PC species identified. Briefly, the total PC content in AS 
extract was higher (882.83 mg/100 g of extract) to that observed in AP 
extract (720.41 mg/100 g of extract). Moreover, AS extract had a 6.5- 
fold higher content of catechin, 1.7-fold higher epicatechin, and 1.4- 
fold higher ferulic acid content compared to AP. This could be related 
to the high content of procyanidins in AS extract, comprised of catechin- 
derived oligomers, partially hydrolyzed prior their HPLC analysis. 
Similarly, Calderón-Oliver et al. (2016) observed that avocado peel had 
more compounds of higher antioxidant activity but lower procyanidins 
and tannins content, compared to its pulp and seeds. These results are 
also in agreement to those reported by Melgar et al. (2018), who 
observed that the main PC species in avocado peel and seed were 
catechin derivatives, being catechin the major compound in avocado 
seed. 

The higher antioxidant values found in AP could also be related to its 
carotenoids and tocopherols content. In that sense, AS had a lower 
content of carotenoids, as only lutein (0.16 ± 0.02 mg/100 g of dried 
extract) was found by HPLC method (Table 2). Conversely, AP had a 
relevant content of lutein (32.34 ± 8.52 mg/100 g of dried extract), 
α-carotene (3.61 ± 0.13 mg/100 g of dried extract) and β-carotene (6.84 
± 0.50 mg/100 g of dried extract). It has been previously reported that 

avocado peel has a higher content of carotenoids and other pigments 
than its pulp and seed (Wang et al., 2010). The higher number of 
bioactive compounds in fruit peels compared to seeds is related to the 
pigmentation and protection roles in fruits as discussed by Ayala-Zavala 
et al. (2011). In summary, even though both AP and AS contained 
relevant concentrations of important bioactive compounds, higher 
concentrations were found in AP extracts, thus presenting higher anti-
oxidant activity. 

3.2. Interfacial properties of avocado peel and seed extracts 

The interfacial properties of the AP and AS extracts were compared 
to that observed in the surfactants used for the emulsions and nano-
emulsions formulation (LMP and T80, respectively). Compared to T80, 
LMP are larger (MW ≈ 50–150 kDa) and branched molecules that in-
crease the viscosity of the continuous phase of emulsions, and with 
hydrophobic moieties on its structure able to adsorb at the oil-water 
interface of emulsions (Verkempinck et al., 2018). Conversely, T80 is 
a small surfactant (MW ≈ 1.23 kDa) with a higher emulsifying capacity, 
as it can quickly and effectively reduce interfacial tension and stabilize 
oil droplets (Gomes, Costa, & Cunha, 2018). Therefore, the IFT of the 
hydrophilic fraction of AP and AS extracts the surfactants and their 
combinations was evaluated to detect any possible competitive 
adsorption between the extracts and surfactants at oil-water interfaces. 

In that sense, the dynamic interfacial tension (IFT) over time (2 h) of 
purified avocado oil droplets in the presence of AP and AS extracts, 
individually or in combination with the surfactants LMP or T80, is 
depicted in Fig. 1. On the one hand, the AP and AS extracts (Fig. 1A) led 
to lower IFT values of purified avocado oil droplets, compared to LMP 
(Fig. 1B). Moreover, according to Fig. 1A and 1B, the hydrophilic frac-
tion of AP and AS extracts led to similar IFT values than AS/LMP and 
AP/LMP combinations, suggesting that these extracts have a higher af-
finity to the oil-water interface and are more easily adsorbed than LMP. 
Thus, it is highly probable that when the extracts and LMP are com-
bined, the bioactive compounds in the hydrophilic fraction of AP and AS 
extracts play the role of surfactant molecules, whereas LMP acts mainly 
as a thickening agent. On the other hand, as it was expected, either the 
extracts (Fig. 1A) or the LMP (Fig. 1B), were less efficient to reduce the 
IFT compared to T80 (Fig. 1C). Moreover, AS/T80 combination reduced 
the IFT values similarly than T80 (Fig. 1C), suggesting that the oil-water 
interface is mainly composed by T80. However, as the AP/T80 combi-
nation led to lower IFT values than T80, the oil-water interface might be 
composed of both PC and T80 molecules. 

Moreover, previous reports have shown that PC, such as catechin, 
can reduce the interfacial tension of O/W emulsions in a dose-dependent 
manner (Di Mattia, Sacchetti, Mastrocola, Sarker, & Pittia, 2010). 
Therefore, it is possible that the differences between IFT values in the 
presence of AP or AS extracts can be explained in terms of their absolute 
catechin content. Moreover, flavonoid type molecules, such as 

Table 2 
Bioactive compounds (phenolic compounds, carotenoids and tocopherols) 
composition (mg/100 g of extract) in avocado peel (AP) and avocado seed (AS) 
extracts.  

Bioactive compounds Avocado peel Avocado seed 

Phenolic compounds (mg/100 g)   
Hydroxybenzoic acid 2.03 ± 0.23 Nd 
Catechin 37.54 ± 1.51 247.47 ± 0.03 
Caffeic acid Nd 10.31 ± 0.89 
Epicatechin 36.62 ± 0.16 65.37 ± 0.19 
Ferulic acid 392.45 ± 0.12 555.32 ± 1.84 
p-coumaric acid 251.77 ± 0.10 4.36 ± 0.41 

Total phenolic compounds 720.41 882.83 
Carotenoids (mg/100 g)   

Lutein 32.34 ± 8.52 0.16 ± 0.02 
α-carotene 3.61 ± 0.13 Nd 
β-carotene 6.84 ± 0.50 Nd 

Total carotenoids 42.79 0.16 
Tocopherols (mg/100 g)   

δ-tocopherol 26.50 ± 3.24 18.11 ± 0.08 
γ-tocopherol 22.01 ± 1.23 9.13 ± 0.34 
α-tocopherol 34.33 ± 0.28 9.13 ± 0.41 

Total tocopherols 82.84 36.37 

Data shown represents the mean ± standard deviation of n = 3. Nd = Not 
detected. 
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Fig. 1. Interfacial tension (IFT) of purified avocado oil droplets in the presence of avocado peel (AP) seed (AS) extracts, and Tween 80 or Low methoxyl pectin (LMP). 
(A) Avocado oil droplet in Milli-Q water; (B) Avocado oil droplet in LMP; (C) Avocado oil droplet in Tween 80. 
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anthocyanidins and procyanidins, have shown high affinity for the hy-
drophobic cavities of pectins (Jakobek, 2015). Therefore, as PC within 
AS extract are present in the form of procyanidins or condensed tannins, 
interactions between polysaccharides and polyphenols may also be 
occurring and cannot be easily discarded. It has been reported that PC 

may influence the conformational flexibility of polysaccharides and are 
able form complexes that improve the physical stability of oil-in water 
emulsions (Oliveira, von Staszewski, Pizones Ruiz-Henestrosa, Pintado, 
& Pilosof, 2016). 

3.3. Colloidal stability of oil-in-water emulsions 

In this study, the effect of AP or AS extracts on the colloidal stability 
of both O/W emulsions and nanoemulsions during 50 days of storage 
was evaluated. Throughout this section, the colloidal stability is dis-
cussed by comparing emulsions and nanoemulsions without extracts 
(blank) to those containing AP and AS extracts. Firstly, the effect of these 
extracts was followed in terms of particle size and particle size distri-
bution (Fig. 2 and Fig. 3). In addition, the visual appearance (Fig. 4) and 
turbidity (Fig. 5) of emulsions and nanoemulsions were evaluated to 
identify any instability phenomenon (sedimentation, clarification, 
creaming or coalescence) occurring during storage conditions. Finally, 
the microscopy images (Fig. 6) of emulsions and nanoemulsions were 
analyzed to confirm any of the instability phenomena previously 
identified. 

Regarding particle size, differences throughout storage time between 
the stability of emulsions and nanoemulsions are displayed in Fig. 2. 
Initially, the blank emulsions had a mean particle size (d4,3) of 4.05 ±
0.51 μm (Fig. 2A) and a broad particle size distribution between 1.0 μm 
and 10.0 μm (Fig. 3A). However, in presence of AP and AS extracts, 
emulsions had a smaller particle size (d4,3) with mean values of 1.45 ±
0.10 μm and 1.11 ± 0.03 μm, respectively. In addition, these extracts 
reduced the particle size distribution of the emulsions, leading to a 
narrower range between 0.5 μm and 3.0 μm (Fig. 3B and C). On the other 
hand, the formation of blank nanoemulsions led to droplets with a mean 
particle size (d4,3) of 0.51 ± 0.01 μm (Fig. 2B) and a narrow distribution 
between 0.2 μm and 0.8 μm (Fig. 3D). Moreover, there were no differ-
ences (p < 0.05) in the particle size (Fig. 2B) and particle size distri-
bution (Fig. 3E and F) of nanoemulsions in the presence of AP or AS 
extracts during the first 7 days of storage. 

Regardless of the presence of AP or AS extracts, emulsions had higher 
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colloidal stability (throughout 50 days of storage) compared to nano-
emulsions (Fig. 1 and Fig. 2). Moreover, the results of this study suggests 
that both extracts had a positive effect on the colloidal properties and 
stability of emulsions. However, the role of AP and AS extracts on the 
enhancement of the colloidal stability of emulsions still unclear. As 
previously suggested, LMP may be acting as a thickening agent, reducing 
the movement of the oil droplets, and facilitating the positioning of the 
PC molecules at the oil-water interface. Still, it is quite possible that PC 
molecules may be acting as co-surfactants, enhancing the emulsifying 
properties of LMP. The emulsification properties of pectins are attrib-
uted to the increment of steric repulsions and/or continuous phase 
viscosity, or in some cases to the adsorption of residual protein fractions 
at oil-water interface (Lehtonen et al., 2018). Furthermore, the PC on the 
continuous phase of O/W emulsions are able to enhance the emulsifying 
properties of large molecular weight surfactants (e.g., proteins and 
polysaccharides) due to the capacity of PC to interact with the interface 
and the lipid phase of the emulsions (Di Mattia et al., 2010; Di Mattia 
et al., 2014; Giacintucci, Di Mattia, Sacchetti, Neri, & Pittia, 2016). 
Thus, in this study the presence of amphiphilic molecules, such as PC, 
may enhance those steric repulsions or facilitate pectin adsorption at the 
oil-water interface. Moreover, the occurrence of pectin-anthocyanins 
complexes is possible due to the intermolecular π-π stacking of antho-
cyanins and hydrogen bonds from hydroxyl groups in both molecules 
(Koh, Xu, & Wicker, 2020). Generally, the interactions between pectin 
and PC are attributed to the amphiphilic properties of PC and may lead 
to emulsions with a lower the particle size and enhanced dispersion 
degree. However, there are still scarce studies addressing the stability 
enhancement of emulsions by the addition of PC, especially emulsions 

stabilized using polysaccharides as surfactants. 
In the presence of AS extract, the particle size (d4,3) of nanoemulsions 

increased up to 3.05 ± 1.05 μm after 14 days due to the appearance of 
two larger droplet populations with a mean diameter of 6 and 30 μm 
(Fig. 3C). In nanoemulsions containing AP extract, the appearance of 
droplets of a larger particle size occurred later after 28 days of storage 
(Fig. 3B). As discussed in Section 3.2, AP and AS extracts have an affinity 
to the interfacial region, which may be leading to a long-term compe-
tition with the surfactant molecules of the nanoemulsions. Thus, a 
displacement of T80 molecules from the interface may be occurring 
during the time of storage, especially in the presence of AS extract, 
which has a higher content of catechin. It has been reported that cate-
chins may cause the surfactant rearrangement on the interface due to a 
competitive displacement, decreasing its emulsifying capacity during 
storage conditions (Di Mattia et al., 2010). 

Photographs were taken throughout the 50 days of storage to visu-
ally detect the physical changes in emulsions and nanoemulsions, as it is 
shown in Fig. 4. On the one hand, slight signs of clarification are visually 
perceived in blank emulsions after 21 days, but, in the presence of AP or 
AS extracts, the emulsions kept a similar appearance after 50 days. On 
the other hand, blank nanoemulsions and nanoemulsions containing AS 
extract had signs of creaming after 14 days, but earlier (after 7 days) in 
the presence of AP extract. 

Moreover, the differences in the turbidity of emulsions/nano-
emulsions that are not easily detectable with the naked eye were 
assessed by light backscattering and displayed in Fig. 5. The backscat-
tering percentage (BS %) is used to analyze the uniformity and changes 
in the stability of emulsions during storage time. Thus, the changes in 

Fig. 4. Changes in the appearance of oil-in-water (O/W) emulsions and nanoemulsions containing avocado peel (AP) and seed (AS) extracts throughout 50 days 
of storage. 
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the BS % at determined height of the tubes can be used to interpret 
sedimentation and creaming related to particle migration, or coales-
cence and flocculation caused by particle size changes. According to the 
results from Fig. 5A, the changes below 20 mm of the height of the tube 
suggest that clarification started in blank emulsions after 14 days of 
storage. Conversely, in the presence of AP or AS extracts, emulsions had 
no changes in the BS % (Fig. 5C and E) related to instability phenomenon 
after 50 days of storage. Regarding nanoemulsions, the results from 
Fig. 5B, D and F revealed that in the presence of either AP or AS extracts, 
nanoemulsions were more susceptible to clarification phenomena after 
7 days of storage, which was not noticeable at this point in Fig. 4. In that 
sense, Fig. 4 and Fig. 5 provide complementary results to visualize the 
specific moment when any instability phenomenon may occur, regard-
less of if it can be visually perceived. 

Lastly, the fluorescence microscopy images shown in Fig. 6 are 
consistent with the results previously described for both emulsions and 
nanoemulsions. According to the images of Fig. 6B, D and F, there are 
not significant changes in the particle size of emulsions after 50 days of 
storage, regardless the presence of AP or AS extracts. However, the 
images shown in Fig. 6D revealed that emulsions containing AP extracts 
had signs of flocculation after 50 days of storage. This tendency to 
flocculation becomes clearer in the images of blank emulsions (Fig. 6A) 
since the first day, which may explain their susceptibility to clarification 
after 14 days of storage (Fig. 5A). Regarding nanoemulsions, images 

from Fig. 6H, J and L, show that particle size increase occurred, with a 
clear tendency to flocculation in the presence of AP extract. Thus, ac-
cording to the image of nanoemulsions containing AP extracts at day 50 
(Fig. 6J), bridging flocculation may have occurred due to interactions at 
the interfacial region between PC and T80. 

3.4. Oxidative stability of oil-in-water emulsions 

Finally, the lipid oxidation of emulsions and nanoemulsions, induced 
by the addition of a ferrous solution, was evaluated throughout the 
storage time of emulsions in terms of peroxide value (PV) and thio-
barbituric acid reactive substances (TBARS), as previously described by 
Salvia-Trujillo et al. (2016). The oxidative stability of emulsions is 
usually measured by the PV and TBARS values as an indicative of the 
formation of primary and secondary oxidation products, respectively. In 
that sense, the influence of AP and AS extracts on oxidative stability of 
emulsions and nanoemulsions is shown in Fig. 7. According to the re-
sults, differences between the PV of blank emulsions and emulsions 
containing AP or AS extracts starts after 15 days of storage (Fig. 7A). 
Conversely, there were no differences between the PV of blank nano-
emulsions compared to nanoemulsions containing AP or AS extracts 
throughout the 50 days of storage (Fig. 7B). Also, it should be noted that, 
regardless of the presence of AP or AS extracts, the PV of emulsions 
suggests a lower formation of primary oxidation products 
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(hydroperoxides) throughout storage, compared to nanoemulsions. 
Nevertheless, the PV in both the emulsions and nanoemulsions had 
similar behavior with the highest content (between 0.47 ± 0.05 mMol 
and 1.33 ± 0.03 mMol) at day 30 and subsequently decreased. 

The different content of hydroperoxides observed throughout the 
storage time of emulsions can be explained by three consecutive re-
actions: initiation, propagation, and termination (Celus et al., 2018). 
According to the results from this study, the formation of free radicals 
(initiation) and lipid peroxides (propagation) occurred during the first 
30 days of storage. During this period, the presence of AP or AS extracts 
does not inhibit the initiation and propagation reactions in either 

emulsions or nanoemulsions. However, the results from this study sug-
gest that the presence of these extracts accelerates the degradation of 
hydroperoxides. Commonly, hydroperoxides are degraded or decom-
posed during termination phase to form non-reactive secondary oxida-
tion products, such as aldehydes, ketones, alcohols, hydrocarbons, 
organic acids and epoxy compounds (Khanum & Thevanayagam, 2017). 

Furthermore, according to the results from Fig. 7C and D, the TBARS 
values of blank emulsions and nanoemulsions tended to increase after 
15 days of storage. At the end of the storage time, the TBARS values of 
blank emulsions (Fig. 7C) increased up to 18.53 ± 0.61 mMol and to 
32.13 ± 1.11 mMol in blank nanoemulsions (Fig. 7D). Moreover, in the 

Fig. 6. Fluorescence microscopy images of oil-in-water (O/W) emulsions and nanoemulsions, containing avocado peel (AP) and seed (AS) extracts, at the initial and 
final day of storage (50 days). (A, B) Blank O/W emulsions; (C, D) O/W emulsions containing AP extract; (E, F) O/W emulsions containing AS extract; (G, H) Blank O/ 
W nanoemulsions; (I, J) O/W nanoemulsions containing AP extract; (K,L) O/W nanoemulsions containing AS extract. 
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presence of these extracts lower TBARS values were observed in both 
emulsions (between 3 mMol and 8 mMol) and nanoemulsions (between 
4 mMol and 10 mMol). Therefore, in both cases, the presence of AP or AS 
extracts significantly reduced the formation of secondary oxidation 
products after 50 days of storage. Similarly, other authors observed that 
the addition of gallic acid, catechin or quercetin to O/W emulsions did 
not inhibit the initiation and the subsequent formation of primary 
oxidation products, but reduced the hydroperoxides content during the 
first days of storage (Di Mattia et al., 2010). Furthermore, there is also 
evidence of the effect of flavonoids on the decrease of hydroperoxide 
and TBARS values in soybean O/W emulsions during 29 days of storage 
(Yang, Wang, & Lee, 2015). Thus, the effect of PC on the oxidative 
stability of O/W emulsions may vary depending on their chemical na-
ture and physicochemical properties. 

Interestingly, in despite of AP extract presented higher concentration 
of antioxidant bioactive compounds (Section 3.1), it showed similar 
lipid antioxidant capacity compared to AS extract. Therefore, these re-
sults suggest that the antioxidant mechanism of both AP and AS extracts 
may be related to ion-binding properties rather than avoiding the 
appearance of lipid-oxidizing free radicals. In a recent study, Pernin 
et al. (2018) described that according to the chemical structure of PC, 
these can act either as chain breakers, retarders or both during lipid 
oxidation process. As chain breakers, PC may protect lipids from 
oxidation until the complete consumption of the antioxidants, but sub-
sequently the lipids reach similar peroxidation than control. Conversely, 
retarders do not protect lipids from oxidation, but reduce the peroxi-
dation rates. Thus, in our study, PC from AP and AS only acted as re-
tarders in emulsions using LMP, probably by the physical limitation that 
reduces the concentration of PC molecules able to be fully positioned at 
the interfacial region where the oxidative reactions occur. However, 
differences related to the nature of PC molecules within AP and AS ex-
tracts were not addressed in this study and cannot be easily discarded, 
but this should be elucidated in further studies. 

4. Conclusion 

The results of the current study show that the presence of phenolic- 
rich extracts from avocado fruit waste significantly affects the colloidal 
and oxidative stability of oil-in-water emulsions and nanoemulsions. 
The main bioactive compounds found in avocado fruit waste were PC, 
specially hydroxycinnamic acids and catechin derivative molecules. The 
hydrophilic fraction of avocado peel (AP) and seed (AS) extracts showed 
interfacial activity at oil-water interfaces as observed by the dynamic 
interfacial tension measurements, which was attributed to their high 
content of PC, and may have positive or detrimental effects on emulsion 
colloidal stability. For example, the AP and AS extracts added to O/W 
emulsions stabilized with low methoxyl pectin (LMP) significantly 
enhanced their stability during storage. However, the presence of AP 
and AS extracts caused the destabilization of O/W nanoemulsions sta-
bilized with Tween 80 (T80) during storage conditions, probably due 
tocon competition between PC and T80 at the oil-water interface. Hence, 
depending on the emulsifying properties of the surfactants used to 
obtain O/W emulsions or nanoemulsions, PC-rich extracts may impact 
their colloidal stability in a different manner. 

With regards the lipid oxidative stability of O/W emulsions and 
nanoemulsions, the presence of AP and AS extracts in the continuous 
aqueous phase led to a reduction on the lipid oxidation products, as PC 
may have acted as oxidation retarders and reduced the formation of 
secondary oxidation products during storage. Therefore, the use of PC 
extracts from avocado agroindustrial waste can be considered as an 
effective strategy to improve the colloidal and oxidative stability of 
emulsions reducing the use of synthetic surfactants and additives. Thus, 
the results from this study provide new insights regarding the use of PC 
extracts as surface-active agents for the colloidal and oxidative stabili-
zation of emulsion-based food products. 
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