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Avocado (Persea americana Mill) production and consumption are rapidly increasing worldwide, with the
global yield expected to reach 12 million tons by 2030. This growth generates substantial amounts of agro-
industrial residues, mainly seeds and peels, which can pose environmental issues but also represent a rich
source of bioactive compounds. Valorizing these byproducts through cascade biorefineries and green
processing methods supports the sustainable production of high value-added bioproducts and fosters
a circular bioeconomy. This study explores the extraction of natural colorants from avocado seeds as
potential eco-friendly substitutes for synthetic orange-reddish food colorants. Colored avocado seed
extracts (CASEs) from Fuerte and Hass cultivars were produced using hot distilled water, 70% ethanol
(reflux), and glycerol: sodium acetate (Gly: NaOAc, 3:1) natural deep eutectic solvent (NADES). Prior to
extraction, the seed paste was exposed to air for 35 min to enable polyphenol oxidase-mediated color
development. Aqueous and ethanolic extractions yielded dried powders, and the Gly : NaOAc (3:1) NADES
produced a stable, ready-to-use liquid CASE/NADES with high recoveries (88.6% Hass and 88.2% Fuerte),
calculated as the mass of the final liquid system relative to the initial dry seed mass. CASEs showed
maximum absorbance at 480 nm and tartrazine-equivalent quantification. The CASE/Gly : NaOAc NADES
formulation exhibited pH-dependent color stability across pH 3-7 and maintained chromatic integrity
under varied storage and light conditions. Antioxidant capacity, expressed in umol copper reducing
equivalents (CRE) per mL, was the highest in ethanolic extracts (3980.33 for the Fuerte variety and 1980.33
for the Hass variety), followed by NADES extracts with 934.61 and 736.56 CRE per mL, respectively. The
CASE/(Gly : NaOAc 3:1) system exhibited color intensification under basic conditions and remained stable
under both light and dark storage conditions. Total phenolic content (TPC) reached 203.45 mg GAE/100 g
fresh weight for the Hass variety and 171.92 mg GAE/100 g fresh weight for the Fuerte variety when
extracted with the Gly:NaOAc (3:1) NADES. Cytotoxicity assays (MTT) on human skin fibroblasts
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natural food-coloring alternatives. The green valorization of avocado seeds into functional colorants offers
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The food industry contributes up to a third of annual greenhouse gas (GHG) emissions worldwide, with food loss and waste responsible for approximately half of

these emissions. The valorization of food and agro-industrial bioresidues and by-products such as avocado seeds and peels, as well as residues from other fruits
and vegetables, within integrated biorefineries can significantly reduce GHG emissions and foster circular engineering, circular bioeconomy and sustainability.
Colored avocado seed extract (CASE) represents a promising natural alternative to synthetic colorants in the food industry, offering additional antimicrobial
properties that enhance the safety and functionality of food products, including functional foods and nutraceuticals. Its incorporation can also extend product

shelf life and help minimize food waste. Moreover, natural colorants are increasingly used in hypoallergenic foods for children and specialized dietary products.
The development and manufacturing of plant-based colorant alternatives are fully aligned with the United Nations Sustainable Development Goals (SDGs) 2, 3,

8,9, 12 and 15.

1 Introduction

Avocado (Persea americana Mill.) is widely consumed in Ecuador
and globally. Its cultivation has emerged as an important
alternative crop, supporting agricultural diversification and
strengthening rural economies. In Ecuador, the main cultivated
varieties in the country are “Fuerte”, which is primarily
consumed domestically, and “Hass”, which is mainly dedicated
to exportation." The international demand for avocado has
steadily grown over the past five years, which is attributable, in
part, to its recognized bioactive properties. Several studies have
highlighted the antioxidant and anti-inflammatory activities of
avocado, supporting its potential role in disease prevention and
management as well as its relevance as an ingredient in func-
tional foods, nutraceuticals and pharmaceuticals.?

The use of natural colorants in food processing is an
ancestral practice. In recent years, interest in natural colorants
with health-promoting properties has grown significantly
among consumers. The non-biodegradable and carcinogenic
risks associated with synthetic colorants have spurred a global
shift toward natural alternatives across the food, textile, phar-
maceutical and cosmetic industries. In the food sector, natural
colorants not only enhance the aesthetic quality of foods and
beverages but also increase consumer acceptance and demand.?
There is a pressing need for new, stable, safe and functional
sources of natural colorants. Biomass, including agro-industrial
and food processing residues, represents a renewable source of
natural compounds, such as colorants and other high value-
added chemicals and materials. The industrial production of
avocado oil, guacamole and sauces has increased substantially
in recent years, generating significant quantities of residues and
by-products, primarily peels and seeds. In 2019, approximately
2 million tons of these residues were produced worldwide. If not
sustainably managed, such residues remain underutilized and
can negatively affect the environment.* Second-generation bi-
orefineries in cascade promote zero-waste technologies, circular
bioeconomy and sustainability, aligning with the United
Nations 2030 agenda.®

Avocado seed (AS) represents approximately 16% of the total
fruit weight and contains valuable compounds, such as anti-
oxidants (polyphenols, pigments, acetogenins, fatty acids, and
lipids) and biopolymers, such as starch, cellulose, hemi-
cellulose, and lignin (Table 1). These characteristics make the
seed an excellent candidate for the valorization of agro-
industrial ~ by-products through integrated biorefinery
approaches, starting with the extraction of phytochemicals from
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avocado seeds, followed by the extraction of proteins and
starch, and the subsequent fractionation of cell wall compo-
nents to obtain cellulose, hemicellulose and lignin.*” The main
polyphenols in AS are procyanidin B1, while no anthocyanins
have been detected,>® as shown in Table 1.

Different solvents have been employed for the extraction of
natural colorants. In the food industry, organic solvents are
most commonly used; however, these solvents are volatile,
inflammable and pose health hazards. When ingested, inhaled
above permissible limits or in direct contact with the skin, they
may cause irritation.” In contrast, alcohol-water mixtures are
considered more environmentally favorable than pure alco-
hols.' Wang et al. (2010) studied the phytochemical composi-
tion, antioxidant capacity and total phenolic content (TPC) of
various avocado strains and cultivars using acetone/water/acetic
acid solvent systems, finding a strong correlation between
antioxidant capacity, phenolic content and procyanidins.**
Similarly, Dabas et al. (2011) used methanol to obtain an extract
whose antioxidant activity was dependent on extraction time
and polyoxidase enzyme activity, suggesting its potential as
a food colorant.'” The extraction of valuable bioactive
compounds from agro-industrial wastes, including avocado
peels and seeds, using methanol has been widely reported.*
Similarly, Suarez et al. (2016) reported higher yields and greater
colorant concentrations when extracting a natural colorant
from fresh AS (Hass variety) using ethanol as a solvent.**

Bioactive phytochemical extraction from AS was optimized
using microwave-assisted extraction with acetone and ethanol.
Acetone is more effective than ethanol in extracting bioactive
compounds with higher antioxidant activity, demonstrating
that solvent polarity significantly influences the solubility of
phenolic compounds.* Hue et al. (2021) compared maceration,
percolation, hot extraction, and Soxhlet extraction of AS and
found that Soxhlet extraction yielded the highest TPC, the
strongest antioxidant activities, and no acute oral toxicity.*® Shi
Ong et al. (2022) evaluated an organic solvent-free method using
pressurized hot water extraction (PHWE), and they reported that
the extract exhibited antioxidant activity and inhibited oxidative
stress-induced metabolomic changes in endothelial cells."”
More recently, Kupnik et al (2023) compared ultrasound-
assisted extraction (UAE), Soxhlet extraction, and supercritical
fluid extraction (SFE) using water, ethanol, and scCO, - ethanol
as solvents, respectively, and found that Soxhlet extraction
yielded the highest antioxidant activity.*®

Sustainable and greener solvent alternatives are urgently
needed. Deep eutectic solvents (DESs) and their subclass,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical composition of avocado (Persea americana Mill) seeds of Hass and Fuerte varieties

Chemical compound Hass variety Fuerte variety

Observations References

9510.00-57300.00

(ng per g dry weight)
varying values by source
3.64 (ug per g dry weight)

Total phenolic content

by source
Catechin

Epicatechin 10.27 (pg per g dry weight)

Procyanidin B1 48 380.00 (ug per g dry

weight) dry weight)
Trans-5-O-caffeoylquinic 1630.00 (ug per g dry weight) 5740.00 (pg per g dry
acid weight)
Anthocyanins Not reported in seeds Not reported in seeds
Pigments/colorants Lutein (low), zeaxanthin —

(low), chlorophylls (low),

carotenoids (high),

perseorangin (high)
Starch 63.70% (ripe) 58.7% ~60-65%

(overripe)
Cellulose 14.72% (ripe) 16.36% 15-17%

(overripe)
Hemicellulose 49.75% (ripe) 34.15% 30-50%

(overripe)
Lignin 9.82% (ripe, insoluble) ~10-15%

15.25% (overripe)
Other Rich in acetogenins, fatty ——

acids, lipids

natural deep eutectic solvents (NADESs), have emerged as
promising green options for conventional organic solvents for
the extraction of natural products and the valorization of agro-
food residues. Their advantages include eco-friendliness, low
toxicity, biodegradability, and tunable physicochemical prop-
erties (hydrophilic, hydrophobic, and therapeutic).'**° DESs are
typically composed of Brgnsted or Lewis acids and bases, con-
taining various cations and/or anions. These mixtures become
liquids at room temperature due to their eutectic behavior and
are considered “green solvents” because of their low toxicity and
vapor pressure compared with traditional molecular solvents.*
NADES are formed from two or more natural compounds that
yield a liquid phase at room temperature and are generally
based on hydrogen bond acceptors and donors. NADESs also
exhibit a strong thermal stabilizing ability attributed to exten-
sive hydrogen bonding interactions between solutes and solvent
molecules. For instance, Dai et al. (2014) demonstrated that the
high viscosity of sugar-based NADESs with minimal water
content ensures stable molecular interactions with the colorant
carthamin from safflower, thereby enhancing the stability of the
phenolic compounds.*?> Among NADESs, glycerol-based eutectic
mixtures have proven particularly efficient for extracting

© 2026 The Author(s). Published by the Royal Society of Chemistry

59200.00 (ng per g dry
weight) varying values

8.13 (ng per g dry weight)

11.06 (ug per g dry weight)

28340.00 (pg per g

Quantified as gallic acid
equivalents

Bangar et al., 2022
Tremocoldi et al., 2018

Present in peels of both
varieties. Important for
antioxidant activity in seed
extracts

Found in higher
concentrations in both
varieties

Major procyanidin found

Bangar et al., 2022
Tremocoldi et al., 2018

Bangar et al., 2022
Tremocoldi et al., 2018

Bangar et al., 2022
Tremocoldi et al., 2018
Representative Bangar et al., 2022
phenolic acid Tremocoldi et al., 2018
Avocado seeds generally lack Bangar et al., 2022
anthocyanin pigments Tremocoldi et al., 2018
Perseorangin is unique to  Bangar et al., 2022
avocado seeds but is an Hatzakis et al., 2019
unspecified variety in the
Hatzakis et al. study
Major polysaccharide
(>90% of carbohydrate
fraction)

Not quantified per variety

Davila et al., 2017

Davila et al., 2017

Minor polysaccharide Davila et al., 2017

(fiber)

<10% (fiber) Davila et al., 2017

Oleic acid/linoleic/palmitic Bangar et al., 2022
acids dominate the lipid

profile, with no explicit

comparison between Fuerte

and Hass

phenolic compounds from various agro-residues and by-
products. Mouratoglou et al. (2016) investigated glycerol-based
eutectic mixtures, such as glycerol:choline chloride (Gly:
ChCl, 3:1), glycerol: sodium acetate (Gly:NaOAc, 3:1), and
glycerol : sodium tartrate : water (Gly:NaT:W, 5:1:4) and
found that Gly: ChCl (3: 1) and Gly: NaOAc (3 : 1) exhibited the
highest extraction yields.*

From a safety perspective, glycerol is a well-known food
additive (E 422) widely used in the food industry and is
considered safe.** Sodium acetate, commonly used as a food
preservative and flavoring agent, has also been shown to be safe
at low concentrations according to cytotoxicity and genotoxicity
studies.”® Both glycerol and sodium acetate have already been
used in diverse industrial processes. Therefore, synthesizing
NADESs from Gly and NaOAc represents a suitable strategy for
producing safe and effective solvents for the extraction of
natural colorants, which could serve as ready-to-use food
coloring agents, offering environmental and health benefits
over traditional solvents.

A major challenge in the use of CASE as a food agent is its
instability at high temperatures. This limitation can be
addressed by employing NADESs. Del Castillo-Llamosas et al.

Sustainable Food Technol.
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(2023)%° evaluated the extraction of phenolic and carbohydrate
compounds from AS using ChCl: Gly (1:1) DES, 50% ethanol
and 80% ethanol as solvents, demonstrating that ChCl: Gly DES
is a more efficient solvent. More recently, Grisales-Mejia et al.
(2025)*” synthesized ten binary NADES mixtures ata 1: 1 M ratio
using avocado Hass peels and seeds. They employed ChCl and
betaine (bet) as HBAs, and glycerol, fructose, glucose, lactic
acid, and citric acid as HBDs, adding 10% water to facilitate
NADES formation. The authors concluded that ChCl: fructose
and ChCl: lactic acid exhibited the highest extraction efficien-
cies. Thus, DESs and NADESs can be considered non-toxic, eco-
friendly and cost-effective extraction media, representing one of
the most promising green alternatives to conventional organic
solvents for recovering valuable bioactive phytochemicals.

Avocado seeds are increasingly incorporated into various
commercial products. For instance, several functional foods
have been enriched with nano-sized avocado seed powder as an
antioxidant ingredient, including yogurt, fortified breads, and
diverse beverages and baked products.”*3° In parallel, the
demand for natural food colorants is increasing among both
consumers and manufacturers. This shift is largely driven by
growing concerns about synthetic colorants, which are typically
petroleum-derived and linked to health and environmental
effects such as carcinogenicity, allergic reactions, and hyper-
activity in children.*' Recently, the United States Food and Drug
Administration (FDA) prohibited the use of the synthetic dye
red no. 3 due to its association with cancer.*> Consequently,
there is a pressing need for natural alternatives capable of
replacing synthetic red hues.

The use of human primary skin fibroblasts is essential for
this research because these cells closely reproduce the physio-
logical conditions and responses of their in vivo counter-
parts.®**** Such models are particularly suitable for reliable
cytotoxicity evaluations, whereas immortalized cell lines often
present altered behaviors and phenotypes that fail to reflect
normal cellular mechanisms.*>*® This level of physiological
sensitivity is crucial when assessing the safety of natural
extracts, including novel NADES-based formulations, whose
biocompatibility must be rigorously verified. Applying this
approach is fundamental not only for advancing potential
applications of these extracts but also for meeting regulatory
requirements that demand robust and physiologically relevant
toxicological data.

This study reports the sustainable extraction of non-toxic
colored avocado seed extracts (CASEs) with low cytotoxicity
using three solvents: distilled water, 70% ethanol EtOH and
a natural deep eutectic solvent (Gly:NaOAc 3:1 NADES)
composed of glycerol and sodium acetate in a 3 : 1 molar ratio.
The extraction processes were evaluated in terms of yield, color
concentration, extraction kinetics, stability, antioxidant activity,
and the effect of pH. Additionally, representative extracts were
assessed to determine the cytotoxicity of the resulting CASE/
Gly:NaOAc 3:1 NADES system. The results demonstrate
a simple, practical green extraction approach for producing an
antioxidant, ready-to-use, and non-toxic CASE/Gly : NaOAc 3: 1
NADES system that could potentially serve as a natural substi-
tute for synthetic pigments and dyes.
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2 Materials and methods
2.1 Materials and reagents

Avocados (Hass and Fuerte varieties) sourced from Guaylla-
bamba, Pichincha Province, Ecuador, were used in the experi-
ments. All reagents employed in the extract preparation were of
food-grade. Glycerol (Loba Chemie, India), ethanol (Labsupply,
Ecuador), sodium acetate, and choline chloride were obtained
from Becton, Dickinson and Company (New Jersey, USA). For
the antioxidant activity assays, a commercial OxiSelect™ TAC
kit was purchased from Cell Biolabs (San Diego, USA). To
determine total polyphenol content, Folin-Ciocalteu reagent
was acquired from Scharlau (Barcelona, Spain), and sodium
carbonate and gallic acid were supplied by Loba Chemie (India).

2.2 Avocado seed selection, Gly/NaOAc 3 : 1 NADES synthesis
and extraction preparation

Avocado fruits were selected using a non-probabilistic approach
method, prioritizing samples with comparable maturity and
similar morphological characteristics. Seed preparation fol-
lowed the protocol described by Dabas et al. (2011)'**? to obtain
avocado seed paste. Nine fruits per variety were washed, seeds
removed, and cut into pieces approximately 0.5 x 0.5 mm in
size. The seed pieces were blended with 0.7 volumes of distilled
water until a homogeneous paste was obtained. This paste was
spread to a thickness of ~1 cm on a chopping board and left to
stand for 35 min, enabling polyphenol oxidase (PPO) enzyme
activity. PPOs, present in bacteria, mammals, and plants, are
responsible for enzymatic browning and yellow-red pigment
formation in fruits and vegetables.

CASE extraction was carried out using distilled water, 70%
ethanol (EtOH), and Gly/NaOAc (3 :1) NADES as solvents. For
aqueous and ethanolic extractions, protocols combining
elements from Suarez et al. (2016)** and Kupnik et al. (2023)* -
selected for their high yields and practicality - were employed.
For the aqueous extraction, 12.5 g of seed paste were mixed with
250 mL of distilled water in a 500 mL round-bottom flask and
heated at 70 °C for 120 min (hot water extraction).For the
ethanolic extraction, 12.5 g of seed paste was mixed with 250 mL
of 70% ethanol in a 500 mL round-bottom flask equipped with
a reflux condenser and heated at 70 °C for 120 min. The
resulting extract was centrifuged (1000 rpm, 10 min), the
supernatant was decanted, concentrated under reduced pres-
sure using a rotary evaporator, and subsequently dried at 40 °C
for 12 h, yielding a CASE powder, which was then weighed. The
yield of the aqueous and ethanolic extractions was determined
by the ratio between the weight of the CASE powder and the
weight of the avocado seed used. The dried colored powder was
redissolved in 20% ethanol at a fixed concentration of 2 mg
mL ™", followed by centrifugation at 1000 rpm for 10 min. This
standardized concentration was used for all aqueous and
ethanolic extracts to enable direct comparison of color intensity
at identical solute concentrations and optical path lengths.
After confirming homogeneity, the visible spectrum was recor-
ded, and the maximum absorbance peak was measured at
480 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Gly/NaOAc (3 : 1) NADES was prepared based on the method
developed by Mouratoglou et al. (2016)* with modifications to
account for the strong stabilization capacity of NADES. Gly and
NaOAc were mixed in a 3:1 molar ratio and heated at 70 °C,
with constant stirring (700 rpm) for 45 min until a clear liquid
was formed. The resulting NADES was stored in a sealed glass
container and protected from light at room temperature until
use. For extraction, NADES was diluted to 90% (v/v) with water
to facilitate handling.

Colored compounds from AS were extracted using Gly/
NaOAc (3:1) NADES via a percolation method due to the non-
volatile nature of the solvent. Extraction conditions (tempera-
ture and duration) were identical to those used for the ethanol
and aqueous protocols. Briefly, 12.5 g of avocado seed paste was
mixed with 250 mL of Gly/NaOAc (3:1) NADES in a round-
bottom flask and heated in a water bath, 70-80 °C, 120 min.
The resulting mixture was vacuum filtered and centrifuged at
1000 rpm for 10 min. The supernatant was collected for yield
determination.

Since the CASE/Gly : NaOAc (3 : 1) NADES system is a ready-
to-use liquid extract, it was directly employed as the stock
extract solution without drying or concentration. The extraction
yield was calculated as the mass of the recovered CASE/NADES
fraction in the supernatant divided by the initial mass of the
avocado seed paste. Because NADES is non-volatile, both the
extract and the solid residue cannot be dried without altering
their chemical composition. As a result, yield determination
based on the dry mass or insoluble residue difference was not
experimentally feasible. Therefore, the extraction yield for the
NADES system was determined gravimetrically based on the
liquid-phase CASE fraction. Extraction efficiencies among
solvents were compared primarily using calibrated CASE
concentration (ppm) and gravimetric yield trends rather than
absolute dry-mass equivalence.

For spectrophotometric analysis, an aliquot of the superna-
tant was diluted with distilled water (2 : 1, v/v; extract : water) to
reduce viscosity and improve accuracy. The diluted extract was
centrifuged at 1000 rpm for 10 min and scanned across the
visible spectrum, with maximum absorbance recorded at
480 nm. All extractions were performed in triplicate.

The CASE concentration in the NADES extract was quantified
using a tartrazine calibration curve (100-500 ppm), with
a maximum absorbance at 480 nm. For aqueous and ethanolic
extracts, the dried CASE fraction was reconstituted to 2 mg
mL ™", allowing direct interpolation of the dilution correction.
In contrast, the NADES extract required a 2 : 1 dilution prior to
UV-vis analysis, and its concentration was obtained by inter-
polation of the dilution-corrected absorbance. The resulting
CASE concentrations (ppm) were used to compare the extrac-
tion efficiency among the solvent systems.

2.3 Determination of polyphenol content

The total polyphenol content was determined using CASE
powders obtained from the two avocado seed varieties (Hass
and Fuerte). The CASEs were diluted in distilled water at

different concentrations prior to analysis. For each

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measurement, 100 pL of the diluted extract was mixed with 500
uL of 0.2 N Folin-Ciocalteu reagent. After 5 minutes, 400 uL of
sodium carbonate solution was added, and the mixture was
incubated for 2 h at room temperature. The absorbance was
then recorded at 760 nm using a UV-vis spectrophotometer. A
calibration curve was prepared with gallic acid solutions
ranging from 0.25 to 2 mM. All measurements for both stan-
dards and samples were performed in triplicate.

2.4 Total antioxidant capacity

The total antioxidant capacity was determined using a colori-
metric assay with the “OxiSelect TM TAC” kit (Cell Biolabs, USA)
following the manufacturer's instructions. Prior to analysis, the
CASE samples were centrifuged and stored at 4 °C for 24 h.
Absorbance was measured at 490 nm, and a calibration curve
was constructed using uric acid standards ranging from 0.06 to
1.43 mM.

2.5 Kinetics, pH and stability

2.5.1 Kinetics. To evaluate the kinetics of color develop-
ment, the avocado seed paste was exposed to air for varying time
intervals (0.5, 2, 5, 10, 15, 20, 25, 30, 35, and 40 min) prior to
extraction. Thus, the kinetic analysis corresponds exclusively to
the air-exposure period of the seed paste—associated with
polyphenol oxidase (PPO)-mediated oxidation—and not to the
extraction process. Following air exposure, extraction was con-
ducted; the resulting supernatant was centrifuged and diluted
with distilled water at a 2:1 ratio solely to reduce viscosity
before UV-vis analysis. Absorbance was then recorded at 480 nm
using a UV-vis spectrophotometer.

2.5.2 pH-dependent color response. To ensure compara-
bility among solvent systems, all CASE samples were first
normalized to the same initial absorbance at 480 nm prior to
pH adjustment. Each stock extract was diluted with PBS (pH 7.5)
to reach a target absorbance of A0 = 0.30 £ 0.02 (1 cm path
length). The required dilution factor (DF) for each extract was
calculated as DF = Aygq stock/0.30, and the corresponding DF
applied to each sample was recorded. After normalization, PBS
solutions were adjusted to different pH values (2, 4, 6, 7, 9, and
10) using NaOH or HCI as appropriate. The normalized CASE
solution was then mixed with each PBS at a 2:1 volume ratio
(CASE : PBS, v/v). Samples were gently mixed and centrifuged at
5000 rpm for 10 min at room temperature, and their absorbance
spectra were recorded at 480 nm. The normalized absorbance
value, defined as A4,, was used as the reference for subsequent
pH-dependent comparisons.

2.5.3 Stability assay. For stability testing, all extracts were
likewise normalized to A0 = 0.30 & 0.02 in PBS (pH 7.5) at day
0. Normalized samples were prepared by mixing CASE with PBS
(pH 7.5) at a 2: 1 ratio (CASE : PBS, v/v) and adjusting according
to each sample's DF. The tubes were sealed and stored under
varying temperatures (4 °C and 25 °C) and light conditions
(light/dark). Absorbance was measured daily over 15 days and
expressed as A/A, where A, denotes the day-0 absorbance of the
normalized sample.
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2.6 Cytotoxicity assessments

The cytotoxicity of aqueous and ethanolic CASEs was evaluated
for both avocado varieties, while the CASE/Gly/NaOAc (3:1)
NADES system was tested only for the Hass variety, given its
global commercial predominance. Different concentrations of
CASE:s (5, 0.5, 0.05, 0.005, and 0.0005 mg mL~ ') were prepared
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal calf serum (FCS), glutamine, and 1% penicillin-
streptomycin (Gibco, Cascade Biologics, Portland, OR, USA),
following a procedure previously described by our research
group.*

Primary human fibroblasts were isolated from a skin biopsy
of a middle-aged female donor and obtained with informed
consent at Los Andes University (Chile) and kindly provided by
Dr Maroun Khoury. The effects of the treatments were assessed
after 24 and 48 h of incubation using the MTT assay. For this
assay, fibroblasts (1250 cells per well) were seeded in 96-well
plates containing 100 pL DMEM (10% FCS) and cultured for
24 h at 37 °C and 5% CO,. After incubation, the medium was
replaced with 100 uL of each extract solution, and control wells
were prepared for each extract type. The controls contained only
DMEM (10% FCS). At the end of each incubation period, the
medium was replaced with 100 pL of an MTT solution (500 pg
mL~" in DMEM supplemented with 1% FCS; Invitrogen, Wal-
tham, Massachusetts, United States) and incubated for an
additional 2 h under the same conditions. The MTT solution
was then removed, and 50 pL of DMSO (Santa Cruz Biotech-
nology, Dallas, TX, United States) was added to each well to
solubilize the formed ecrystals. Absorbance was measured
immediately at 570 nm using an Epoch™ microplate spectro-
photometer. All assays were performed in quintuplicate.

2.7 Evaluation of CASE/Gly : NaOAc NADES system as
a natural colorant in yogurt

Preliminary experiments were carried out to assess the potential
application of avocado seed extract (CASE), formulated in glyc-
erol : sodium acetate natural deep eutectic solvent, referred to
as the CASE/Gly:NaOAc NADES system, as a ready-to-use
natural colorant in dairy products. Three commercial brands
of natural yogurt were selected and evaluated independently.
For each sample, 1 mL of this CASE/NADES system was added to
100 mL of yogurt and mixed gently until a homogeneous color
distribution was achieved. Untreated yogurt from each brand
served as the control for evaluating color variation following the
CASE system incorporation.

Prior to UV-vis analysis, all yogurt samples (treated and
controls) were diluted 1:10 (v/v) with distilled water to reduce
turbidity and limit light scattering. The diluted suspensions
were clarified by centrifugation at 6000 rpm for 10 min, and the
resulting clear supernatant was used for spectrophotometric
measurements.

Visible absorption spectra were recorded between 400 and
700 nm using a Thermo Scientific UV-vis spectrophotometer to
determine the wavelength of maximum absorbance (A,ax) and
evaluate the color shift induced by the addition of the CASE/
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Gly : NaOAc NADES system. Measurements were conducted at
room temperature in quartz cuvettes using appropriate blanks.

The density of the yogurt samples was determined gravi-
metrically by weighing a known volume (10 mL) of the sample
before and after addition of the extract, with the results
expressed in g mL ™. The pH was measured with a calibrated pH
meter (buffers pH 4.00 and 7.00). All measurements were per-
formed in triplicate, and the results are reported as the mean +
standard deviation.

2.8 Statistical analysis

All quantitative variables (yield, absorbance, concentration, and
antioxidant capacity) were evaluated using a two-factor experi-
mental design. The fixed factors were solvent (distilled water,
70% ethanol, and Gly:NaOAc 3:1 NADES) and avocado seed
variety (Hass and Fuerte), with three replicates per treatment.
Residuals were tested for normality using the Anderson-Darling
method and for homogeneity of variances using Levene's test.
As both assumptions were met, the data were subjected to two-
way analysis of variance (ANOVA, « = 0.05). When significant
differences were detected, Tukey's HSD test (95% confidence)
was applied for pairwise comparisons. In the figures, uppercase
letters denote statistically different solvent groups, while
lowercase letters denote differences between varieties.

For the stability analysis, absorbance values were averaged
from three replicates and normalized to the initial value (4,) to
calculate A4/A, over storage time. Since the data did not satisfy
the assumptions of normality and homoscedasticity, differ-
ences among solvents, storage temperatures (4 °C and 25 °C),
and light/dark conditions were assessed using the Kruskal-
Wallis test (o« = 0.05).

The relationship between absorbance at 480 nm and anti-
oxidant capacity was explored using a matrix plot in Minitab,
distinguishing samples by solvent and variety. This analysis was
exploratory and descriptive, without regression modeling or
correlation testing.

All statistical analyses were performed using Minitab® 19.1
(Minitab, LLC, State College, PA, USA).

3 Results and discussion
3.1 Yields of the extractions

Fig. 1 shows the visual appearance of the CASE samples
prepared using the three selected solvent systems. The aqueous
CASEs exhibited a transparent orange color, while the ethanolic
CASE displayed a more intense orange hue. In contrast, the
CASE/Gly : NaOAc (3:1) NADES system showed vivid reddish-
orange coloration.

The analysis of variance revealed a significant effect of
solvent type on CASE yield (p < 0.05), whereas no statistical
differences were observed between varieties. Tukey's multiple
comparison test (95% confidence) identified three statistically
distinct groups: Group A, percolation extraction using Gly/
NaOAc (3:1) NADES, which produced the highest yields
(88.6% for Hass; 88.2% for Fuerte); Group B, reflux extraction
with 70% ethanol (19.0% Hass; 13.0% Fuerte); and Group C, hot

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Visual appearance of the crude avocado seed extracts (CASEs) obtained using different extraction systems. (A) CASE from the Hass variety
extracted with distilled water; (B) CASE from the Hass variety extracted with 70% ethanol; (C.1) CASE obtained with the Gly : NaOAc (3 : 1) NADES
system from the Hass variety; and (C.2) CASE obtained with the Gly : NaOAc (3 : 1) NADES system from the Fuerte variety. All images depict the
liquid extracts immediately after filtration prior to any drying or reconstitution steps.

aqueous extraction with distilled water at 70 °C (8.0% Hass;
2.6% Fuerte) (Fig. 2).

Using distilled water, the yield for Hass was lower than that
reported by Kupnik et al (2023),'®* who obtained 12.0% by
employing the UAE. For ethanol-based extraction, the present
results were similar to those of Suarez et al. (2016),"* who re-
ported 20.5% for the avocado Hass variety using Soxhlet
extraction with absolute ethanol. Kupnik et al. (2023)* also
obtained 9.88% with Soxhlet extraction (20 h, 40 °C), indicating
that elevated temperatures combined with shorter residence
times can enhance extraction efficiency. In contrast, Munthe
et al. (2023)*” reported a much higher yield for the avocado Hass
variety (39.58%) using reflux extraction with 70% ethanol for
15 h at 40 °C, compared with the current values (19.0% for Hass
and 13% for Fuerte). These findings suggest that longer
extraction times improve efficiency; however, extended
processes also entail greater energy consumption, thereby
reducing environmental sustainability.

The high yield obtained with Gly/NaOAc (3:1) NADES
(Group A) can be attributed to the high NADES/CASE concen-
tration in the newly formed CASE/Gly:NaOAc system, which
eliminates drying or concentration requirements. This system
could be used directly as a ready-to-use product, given the low
acute toxicity of its components: glycerol ingestion must exceed
125 mg kg ' h™" to cause adverse effects, while sodium acetate
has no established daily intake.** Thus, this system exhibits
strong potential as an alternative food coloring agent.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Absorbance at 480 nm, used exclusively as a qualitative
indicator of color intensity, also showed significant differences
among solvents. Tukey's test classified the samples into two
groups: Group a, comprising Gly/NaOAc (3:1) NADES and
reflux extraction with 70% ethanol, which exhibited the highest
absorbance values (0.534-0.652); and Group b, distilled water,
which showed the lowest values (0.223-0.267) (Fig. 2).

It is important to note that the absorbance values shown in
Fig. 2 reflect the color intensity corresponding to the working
concentrations used for each extraction system (2 mg mL " for
aqueous and ethanolic extracts, and a 2: 1 dilution for NADES
extracts). Since these concentrations are not equivalent, the
absorbance values are qualitative and not intended for a quan-
titative comparison among solvents. Extraction efficiency was
instead assessed based on the gravimetric yield and the cali-
brated CASE concentration (ppm) rather than on absorbance
measurements.

3.2 Concentration of reddish-orange CASEs

The color concentration of the CASEs was determined using UV-
vis spectrophotometry. The maximum absorption wavelength
(Amax = 480 nm) was first identified from the full spectral scans
of the samples. Quantitative analysis was conducted at 480 nm
using a tartrazine calibration curve (Fig. 3), and the results were
expressed as tartrazine equivalents (ppm), consistent with
previous reports.'® All concentration values were adjusted for
the corresponding dilution factors applied to each extraction
system. Although absorbance at A« indicates relative color
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Fig.2 Yield percentage (%) of the extraction of AS from Hass and Fuerte varieties using three solvents, and the corresponding absorbance values
at 480 nm. Bars represent mean values + standard deviation (n = 3). Different uppercase letters (A—C) indicate statistically significant differences
among solvents for yield (Tukey, p < 0.05), whereas lowercase letters (a and b) indicate significant differences in absorbance. Absorbance values
are shown as qualitative indicators of color intensity at the working concentrations used for each extraction system (2 mg mL™ for aqueous and
ethanolic extracts and 2 : 1 dilution for NADES extracts) and are not intended for direct quantitative comparison of extraction efficiency among

solvents.
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Fig. 3 Visible absorption spectrum of the colorant obtained from the avocado seed Hass variety.

intensity, calibrated concentration values, rather than raw
absorbance, were used for quantitative comparisons among
solvents and varieties.However, the resulting CASE concentra-
tions varied considerably. In this study, extraction with 70%
ethanol yielded concentrations of 2210 ppm for the Hass
avocado variety and 1310 ppm for the Fuerte variety. Potential
interferences in the absorbance-based quantification of CASEs
mainly depend on the linear relationship between concentra-
tion and absorbance. In complex mixtures, such as plant
extracts, overlapping absorption bands or molecular interac-
tions may occur, introducing additional measurement errors.*®

Sustainable Food Technol.

Dabas et al. (2011)" used methanol and a sonication-assisted
method to obtain a CASE exhibiting a maximum absorbance of
0.4 at Amax = 480 nm (24 °C), corresponding to the blue-green
region of the visible spectrum and appearing orange in color.
Similarly, Suarez et al. (2016)** employed absolute ethanol for
extraction from Hass avocado seeds, reporting an absorbance of
0.415 at Apmax = 480 nm, with a reddish-orange appearance. In
our study, the maximum absorbance peak likewise occurred at
480 nm for all CASEs extracted with the three solvents tested.
The absorbance bands were broader and slightly variable,
reflecting the complex polyphenolic composition of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Concentration of the resulting CASEs expressed as tartrazine equivalents (ppm) from the Hass and Fuerte avocado seed varieties
extracted with distilled water, 70% ethanol, and Gly : NaOAc (3 : 1) NADES. The experiments were performed in triplicate. Different uppercase
letters indicate significant differences between varieties within each solvent, and different lowercase letters indicate significant differences

among solvents within each variety (p < 0.05).

extracts, depending on the solvent properties. This spectral
variation typically spanning 400-500 nm, corresponds to red-
orange hues.* Notably, the CASE obtained using Gly: NaOAc
(3 : 1) NADES exhibited a higher absorbance (0.460) for the Hass
variety, exceeding the values reported for aqueous and ethanolic
CASEs (Fig. 4). Statistical analysis confirmed significant differ-
ences between avocado varieties (p < 0.001) and among solvents
(p < 0.001). The CASEs from the Hass variety presented higher
concentrations than those from the Fuerte variety, while Gly:
NaOAc (3:1 significantly) differed from 70% ethanol and
distilled water, which were not significantly different from each
other (p > 0.05).

Because absorbance is directly proportional to solute
concentration, a higher absorbance value of 0.460 indicates
a greater color concentration in the Gly : NaOAc NADES extracts.
This enhanced concentration performance may be attributed to
several solvent characteristics: a slightly basic pH*® derived
from sodium acetate, a viscosity reduced by 58.03% relative to
pure glycerol,* and a favorable polarity-solubility balance that
enables the dissolution of both polar and non-polar
compounds—an uncommon feature among traditional
solvents. Moreover, exposure of the avocado seed material to air
prior to extraction was found to be a crucial factor enhancing
color concentrations, as evidenced by the kinetic studies di-
scussed later.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Despite these promising results, limited research on CASE
extraction with NADES hinders the full identification of factors
affecting concentration variability. Recent studies have evalu-
ated extraction efficiency not only through process parameters
(e.g, solvent type, temperature, and time) but also by antioxi-
dant activity, often reported as ICs, values (2025).'* However,
ICs, values depend on the extract's chemical composition and
do not fully capture its overall bioactivity. Although ICs5, reflects
radical scavenging capacity, other antioxidant mechanisms,
such as metal chelation or enzyme interaction, are not
represented.®®

Although the isolation of pure or semi-pure pigments from
CASEs was beyond the scope of this work, it is noteworthy that
Hatzakis et al. (2019)* isolated a pigment from CASE and
elucidated its chemical structure using preparative HPLC. The
compound was identified as a glycosylated benzotropone
derivative with the molecular formula of C,oH3,0;4 as the most
abundant yellow-orange solid.

3.3 Kinetics, pH and stability

In avocado seeds, the activity of PPO specifically contributes to
the formation of the characteristic reddish-orange coloration
that develops upon oxidation in the presence of oxygen. Hat-
zakis et al. (2019)* subsequently isolated and identified the
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orange pigment in CASE extracted using conventional solvents.
Previous studies reported a 35 minute air exposure time of the
paste for color quantification without promoting over-oxidation
or secondary degradation."** However, the mechanism of color
formation using NADES has not been fully elucidated.

It is important to emphasize that the kinetic profiles di-
scussed herein correspond exclusively to the air exposure time
of the avocado seed paste prior to extraction, reflecting PPO-
driven color formation rather than solvent extraction kinetics.

The kinetic analysis in our study (Fig. 5) shows that the
intensity of the orange coloration increases with longer air
exposure of avocado seed paste, consistent with the findings of
Dabas et al. (2011)"* and Hatzakis et al.*® (2019). The kinetic
profiles varied depending on the solvent used. The CASE/Gly:
NaOAc (3:1) NADES system displayed a markedly faster initial
increase in absorbance upon air exposure, particularly within
the first 2-5 minutes, followed by a continuous and sustained
evolution over time. In contrast, the ethanolic system exhibited
a slower initial rise in absorbance and more gradual progres-
sion throughout the experimental duration. These observations
suggest that the NADES medium facilitates more rapid early-
stage color development compared to the ethanolic solvent
(Fig. 5, Hass variety shown as representative).

The extension of the lag-phase in an enzyme-catalyzed
reaction is generally attributed to delayed polymerization
events rather than direct inhibition of enzymatic activity.
Mouratoglou et al. (2016)* reported that eutectic solvents,
including Gly:NaOAc (3:1) NADES, achieved polyphenol
extraction efficiencies comparable to those of methanol, which
is typically used as a reference solvent in such studies. The
solubilization capacity of an NADES depends strongly on its
composition. The Gly:NaOAc (3:1) NADES exhibits strong
hydrogen bonding and van der Waals interactions, forming
a stable solvent with polarity comparable to pure glycerol. This
polarity enhances solubility and selectivity, as confirmed by the
FTIR analysis reported by Tarigan et al. (2025).*2 It is essential to
clarify that this experiment evaluates the reaction kinetics of
PPO during the air exposure of the avocado seed paste, prior to
the extraction step. Consequently, the observed differences in

0,7
B Glycerol:Sodium Acetate (3:1) § i
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Fig. 5 Kinetics (absorbance versus air exposure time) of the Hass
variety using the Gly : NaOAc (3:1) NADES, ethanol, and water.
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absorbance profiles cannot be ascribed to solvent-induced
variations in PPO catalytic activity, as no solvent is present
during the air incubation period. The faster initial increase in
absorbance observed in samples subsequently extracted with
Gly : NaOAc (3 : 1) NADES reflects differences in the stabilization
and solubilization of oxidation-derived chromophoric inter-
mediates during extraction rather than changes in PPO reaction
kinetics. In contrast, ethanolic extracts exhibited a more
gradual increase in absorbance likely due to variations in
solvent-solute interactions and polarity influencing pigment
solubilization after air exposure. Therefore, the apparent
absence of a lag phase in NADES-extracted samples should be
interpreted as a solvent-related post-oxidation effect rather than
an intrinsic modification of PPO-mediated reaction kinetics.

Increasing the pH from 2 to 10 caused a progressive rise in
absorbance at 480 nm. Visually, the CASE exhibited a pale
yellow-orange hue at acidic pH = 2-6, a bright orange-pink hue
at neutral pH = 7-8, and a deep reddish-orange hue at alkaline
pH = 9-11. Thus, higher pH values increased the concentration
of the chromophoric species, in agreement with Dabas et al.
(2011).* The gradual absorbance increase from pH 2 to 8 (from
approximately 0.145 to 0.289 for the 70% ethanol and from
approximately 0.103 to 0.213 for the CASE/Gly:NaOAc (3:1)
NADES system) may result from hydroxyl ions promoting the
formation of species with enhanced electronic conjugation.
Bond cleavage, ring opening or dissociation events could
explain the sharp absorbance rise observed in aqueous CASEs at
pH 8, compared to the ethanolic system (70%), where absor-
bance increased from 0.289 to 0.81. Dabas et al. (2011)"* re-
ported a similar trend. At pH 2, the absorbance was about 0.1 at
480 nm, increasing gradually to 0.6 at pH 9. Beyond this point,
the increase was more sharply thereafter, reaching 2.2 at pH 11.
The increase in absorbance as a function of pH was irreversible
under aerobic conditions. Lower absorbance values were
recorded for the CASE/Gly : NaOAc NADES system likely due to
the buffering effect of NaOAc, which moderated pH and diluted
the extract until convergence of absorbance values. In addition,
the high viscosity of the NADES may have reduced molecular
mobility, slowing the reaction kinetics of some species whose
stabilization is favored at higher pH values." High viscosity can
hinder substrate diffusion and molecular interactions; there-
fore, small amounts of water or buffering agents may be added
to partially reduce viscosity and improve mass transfer without
altering the NADES structure.**** Furthermore, solvent-solute
interactions may protect chromophoric compounds from bond
rupture or dissociation, limiting absorbance increases
compared with aqueous and ethanolic systems.*

These results and their corresponding kinetic profiles
support the hypothesis that the coloration of the CASE/Gly:
NaOAc NADES system is not related to anthocyanins.>® Antho-
cyanins typically show orange-red tones at pH = 3, shift to
bluish hues at pH 6-7 due to deprotonation, and degrade at
higher pH.* Although anthocyanins are widely used natural
pigments to impart orange-red tones in food applications, their
stability is poor at elevated pH.

In contrast, the CASE/Gly : NaOAc NADES system appears to
be a promising alternative because it remains stable throughout

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the typical pH range of food products (pH 3-7). Dabas et al.*?
reported that adding CASE to milk (pH between 6.6 and 6.8)
produced a pinkish hue. Similarly, in our preliminary trials, the
addition of the CASE/Gly : NaOAc NADES system to yogurt (pH
4.4-4.6) yielded an orange hue, while its addition to milk
resulted in a pinkish coloration. These results confirm that pH
is a critical parameter influencing the final color and must be
carefully controlled for food applications. Generally, incorpo-
ration of the CASE/Gly : NaOAc NADES system into foods near
neutral pH results in hues shifting toward red rather than
orange. Moreover, lower concentrations of CASE are needed at
higher pH, as color intensity increases under these conditions.

CASEs maintained color stability for 15 days under both light
and dark conditions, regardless of temperature or solvent,
except for the extract prepared with distilled water, which lost
color stability before the 15 days when exposed to light at room
temperature.

Among all solvent systems evaluated, the CASE/Gly : NaOAc
(3:1) NADES exhibited the greatest stability over time and
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under various storage conditions (Fig. 6). Water content was
identified as a major factor influencing stability. Dai et al
(2013)* associated the high stability of extracts obtained using
eutectic solvents with their elevated viscosity (limiting molec-
ular mobility and promoting stable interactions), presence of
sugar components (facilitating hydrogen bonding), and pH
maintenance capacity.

These findings indicate that the CASE/Gly:NaOAc NADES
system formulations have strong potential for application in
food products stored at both room temperature and under
refrigeration, irrespective of light exposure, except when distilled
water is the solvent. Stability analysis revealed that solvent type
was the main factor affecting A/A, values (Kruskal-Wallis, H =
48.23; df = 2; p < 0.001), while storage temperature had
a significant but less pronounced effect (H = 8.95; df = 1;
p = 0.003). No significant differences were found between light
and dark storage conditions (H = 0.00; df = 1; p = 0.968), con-
firming the suitability of this system under varying illumina-
tions. An increase in the absorbance ratio A/A, above 1 may
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Fig. 6 Stability analysis of the CASE at two different temperatures (4 °C and 25 °C). (a) Results under light exposure and (b) corresponding to dark
conditions. The Kruskal-Wallis test showed significant differences between solvents (H = 48.23; df = 2; and p < 0.001) and between temper-
atures (H = 8.95; df = 1; and p = 0.003) but not between light and dark conditions (H = 0.00; df = 1; and p = 0.968).
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indicate the formation of degradation products that absorb at or
near the same wavelength, leading to transient absorbance
changes. The instability of colorants in aqueous systems is often
attributed to oxygen-mediated and pH-dependent chemical
reactions. Many natural pigments or colorants containing
conjugated double bonds are prone to oxidation and structural
rearrangements in aqueous environments, altering their elec-
tronic structure and chromophores, which in turn result in color
shifts or fading over time.*®

For potential commercial formulations, extraction systems
with reduced water content, such as Gly:NaOAc (3:1) con-
taining 10% water, are recommended. Future studies should
explore microemulsion systems to improve dispersion in
aqueous environments and investigate encapsulation strategies
to enhance the stability of avocado-derived chromophoric
compounds under diverse storage conditions. Further stability
evaluations over longer durations considering wider variables,
including pH range, higher temperatures, and varying water
contents, are also recommended.

3.4 Determination of total polyphenol content (TPC)

In this study, the highest polyphenol content in the CASE
samples was observed for the Hass variety, followed by the
Fuerte variety, when Gly: NaOAc (3 :1) was used as the extrac-
tion solvent. The corresponding values were 203.45 and
171.92 mg GAE/100 g fresh weight (FW), respectively, calculated
based on the final sample resuspensions at a concentration of
2 mg mL ", and were significantly higher than those obtained
using the other solvents evaluated (Fig. 7). A similar trend was
reported previously, where avocado peel extracts obtained with
a eutectic solvent composed of choline chloride : lactic acid (2 :
1) exhibited a high polyphenol content of 92.03 £+ 2.11 mg GAE
per g, while extraction with 96% ethanol yielded a significantly
lower value of 25.27 + 0.92 mg GAE per g.*

The highest polyphenol concentrations in the CASE samples
were thus achieved using Gly : NaOAc (3 : 1) NADES. This solvent
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Fig. 7 Total polyphenol content of the CASE using Gly : NaOAc (3:1)
NADES, ethanol, and aqueous solvents. Different lowercase letters
indicate significant differences between avocado varieties (Tukey's
HSD and p < 0.05).
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can dissolve and extract a wide range of natural compounds,
including anthocyanins, xanthones, curcumins, and various
phenolic constituents. Owing to their tunable polarity profiles,
certain synthetic compounds can also be solubilized.** There-
fore, solvent selection is a critical factor governing the efficiency
of phenolic compound extraction. Parameters such as eutectic
composition, pH, and viscosity strongly influence extraction
performance. In a study focused on recovering phenolics from
AS, several NADESs—based on choline chloride, betaine, fruc-
tose, glucose, lactic acid, and glycerol—were systematically
evaluated. Among the different extraction techniques tested,
pressurized liquid extraction using choline chloride : fructose
and choline chloride :lactic acid provided the highest total
phenolic content (TPC) values.?”

3.5 Antioxidant activity

In our study, the highest antioxidant activity for a CASE/Gly:
NaOAc (3:1) system sample was 3980.33 pumol copper per mL
reducing equivalents for Fuerte extract, and 1980.33 umol
copper per mL reducing equivalents for Hass variety, as deter-
mined by the TAC assay (Fig. 8). However, it should be noted
that TROLOX displays a faster increase in antioxidant concen-
tration than uric acid, and the ORAC assay is generally
considered more sensitive than the TAC assay. Dabas et al.
(2013)* reported an antioxidant activity of 2012.1 + 300 TE
per mg for CASE samples extracted with methanol using the
ORAC assay. Similarly, Segovia et al. (2016)* applied the same
assay and obtained a value of 350 mg TE per g dry weight from
polyphenols extracted from avocado seeds.

In our study, both the avocado variety and the extraction
solvent significantly influenced the antioxidant capacity (Krus-
kal-Wallis, p < 0.05) (Fig. 8). The Fuerte variety exhibited higher
antioxidant activity than the Hass variety (p = 0.001). Similarly,
extracts obtained using NADES showed significantly greater
antioxidant capacity than those produced with ethanol and
distilled water (p < 0.001), with no significant differences
between the latter two solvents. In contrast, Dabas et al. (2013)*®
reported that the AS Hass variety had a higher phenolic content
than the AS Fuerte variety (51.6 & 1.6 vs. 31.5 &+ 2.2 mg GAE per
g). The same research group observed that colored extracts
contained 22.5% less phenolic content than non-colored
extracts, supporting the notion that polyphenols largely
contribute to the functional properties of avocado seeds.”

The relationship between absorbance at 480 nm and anti-
oxidant capacity was not strictly linear but was significantly
affected by both solvent and avocado seed variety (Fig. 9). In
aqueous extracts, relatively high absorbance values were asso-
ciated with low antioxidant activity, suggesting that color
intensity alone does not reliably reflect bioactivity. In contrast,
extracts obtained using Gly: NaOAc (3 : 1) NADES displayed the
highest antioxidant capacity for both varieties, even when
absorbance values were comparable to or lower than those of
ethanol extracts. These findings indicate that eutectic solvents
enhance polyphenol extraction efficiency and contribute to
preserving antioxidant functionality.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Mouratoglou et al. (2016)** reported similar trends and
observed that eutectic solvents yielded extracts with higher
phenolic content than those obtained using ethanol and water.

3.6 Cytotoxicity

Both glycerol and sodium acetate are generally regarded as non-
toxic when used at low concentrations. However, it remains
essential to evaluate the toxicity of Gly: NaOAc (3:1) NADES
synthesized in this study, along with its potential effects when
incorporated into food matrices, to ensure product safety. In

© 2026 The Author(s). Published by the Royal Society of Chemistry

this study, the cytotoxicity of representative extracts was
assessed.

For the CASE sample from the Fuerte variety, concentrations
ranging from 0.0005 to 5 mg mL ™" were tested. No significant
differences in cell viability were observed among the concen-
trations in either avocado variety when compared to the control
after 24 h and 48 h of exposures (Fig. 10).

The cells were treated with aqueous or ethanolic extracts at
concentrations of 5, 0.5, 0.05, 0.005, and 0.0005 mg mL™* for
24 h and 48 h. Data are presented as fold changes in absorbance
relative to the untreated control (CTL). The results indicate that
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Fig. 10 Cytotoxicity of the Persea americana (Fuerte variety) seed extracts in human dermal fibroblasts evaluated by the MTT assay.

neither aqueous nor ethanolic extracts produced significant
cytotoxic effects under the experimental conditions tested.

For the CASE sample from the Hass variety (Fig. 11), aqueous
extracts exhibited non-cytotoxic effects after 24 h and 48 h of
exposure, while ethanolic extracts were non-cytotoxic only at
24 h. After 48 h of exposure, ethanolic extracts induced cyto-
toxicity at concentrations above 0.5 mg mL™', leading to
a modest reduction in cell viability. This cytotoxicity observed at
48 h may be attributed to bioactive phytochemicals (poly-
phenols and carotenoids) that promote apoptosis and necrosis
via oxidative stress, disruption of cell division, and cellular
damage, particularly at higher extract concentrations. These
responses are consistent with cell death processes and reduced
cell proliferation. In the case of the CASE/Gly: NaOAc NADES
system, no cytotoxic effects were detected, and cell viability
remained comparable to that of the control.

Previous in vitro and in vivo studies have reported multiple
health-promoting properties of CASE, including antimicrobial,
anticancer, anti-obesity, antioxidant, antidiabetic, and anti-
inflammatory activities. Regarding toxicity, Ozolua et al
(2009)*° evaluated aqueous extracts of the AS administered
orally to rats at doses of 2-10 g kg™ for two weeks. No behav-
ioral changes, such as depression, squirming, diarrhea, or
aggression, were observed. Similarly, sub-chronic toxicity
testing at a dose of 2.5 g kg~ ' for 28 days did not result in
significant alterations in hematological parameters and plasma
biomarkers of hepatotoxicity remained within normal limits.

Sustainable Food Technol.

Nevertheless, the authors emphasized the need for further
studies to confirm safety in humans. The green extraction
methodology proposed in this work represents a promising
approach for the safe incorporation of CASE into functional
food formulations.

3.7 Potential of Gly: NAOAc NADES/CASE inclusion in
functional foods: benefits and challenges

Color plays a critical role in consumers’ perception and expe-
rience of foods, influencing not only visual appeal but also
expectations of freshness, flavors and sensory quality, including
perceived sweetness and sourness.> In fruits and fruit-based
products, consumer preferences are particularly linked to the
intended mode of consumption. Approximately 65% of health-
conscious consumers report being highly sensitive to the color
and nutritional value of fruits, believing that fresh fruits provide
natural nutrients and antioxidants that promote health and
help prevent diseases. In comparison, 58% of consumers
identify safety and taste as the primary drives of purchase
decisions,* highlighting the strong influence of color on food
acceptance and selection.

Color also serves as a key predictor of taste expectations. For
instance, red is often associated with ripeness and sweetness,
yellow and green with sourness, white with saltiness, and black
or brown with bitterness. These associations extend beyond the
food itself to external factors, such as packaging, labeling, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Cytotoxicity of the Gly : NaOAc NADES/CASE HASS variety estimated by the MTT assay. Fold absorbance represents the results of

exposing human fibroblasts to avocado extracts at concentrations of 5,

serving plates, all of which can modulate consumer perception
and desirability.

Cultural factors profoundly shape the significance of color in
relation to taste, health perception, and consumer preferences,
resulting in considerable variations across food traditions and
regions worldwide. Individual characteristics, including
gender, age, and body mass index, influence how color is
perceived as an indicator of flavor and quality. Overall, color
acts as a multisensory cue directing judgements about flavor,
freshness, ripeness, nutritional value, and overall food quality,
even prior to tasting.>

In the food industry, colorants, including dyes and
pigments, are extensively employed to enhance the visual
appeal of both solid and liquid products. Typical applications
include dairy items, batters, processed meats, fruits, and can-
ned or emulsified foods, such as sauces, juices, and soups.
These colorants may be synthetic or naturally derived, with
selection governed by stability, regulatory approval, and desired
visual effects. For example, annatto (E160b) is commonly used
in dairy products to impart a yellow-orange hue to cheese,
butter and margarine; carotenoids also find frequent applica-
tion.** Synthetic dyes such as tartrazine (FD and C yellow no. 5),
sunset yellow FCF (yellow no. 6) and Allura red AC (red no. 40)
are widely included in flavored yogurts, ice creams, puddings
and desserts. Betaine, a pigment obtained from beetroot,
provides pink-to-reddish tones in dairy desserts but exhibits
limited stability due to heat and light sensitivity.

Other synthetic food colorants, such as brilliant blue FCF
(blue 1), fast green FCF (green 3), and erythrosine (red 3), are
routinely incorporated into icings, decorative gels, and batters.
However, synthetic colorants are subject to growing health

© 2026 The Author(s). Published by the Royal Society of Chemistry

0.5, 0.05, 0.005, and 0.0005 mg mL~? after 24 and 48 h of incubation.

concerns linked to potential allergenic, mutagenic or carcino-
genic effects. Notably, the U.S. Food and Drug Administration
(FDA) has banned erythrosine (red 3) owing to evidence of
mutagenic and carcinogenic risks, heightening the demand for
safe natural alternatives. The increasing consumer preference
for clean-label products has reinforced the market shift for
natural colorants sourced primarily from plants and agricul-
tural by-products. Although natural alternatives improve
consumer perceptions and align with sustainability objectives,
they generally exhibit lower stability than synthetic colorants
and remain under continuous safety and regulatory
assessment.

Regarding the practical applications of glycerol-based
NADES, successful extractions have been reported at tempera-
tures of up to 135 °C for up to 45 min.>® However, the thermal
stability of the specific CASE/Gly:NaOAc NADES system -
defined as the onset temperature of decomposition determined
by thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) - has not yet been evaluated. This parameter
is crucial if this eutectic system is to be considered for incor-
poration in food formulations, particularly in thermally pro-
cessed or baked products. Since the CASE/Gly : NaOAc NADES
system has not undergone drying, lyophilization, purification or
further processing, a more comprehensive toxicological
assessment is required before it can be proposed as a ready-to-
use food ingredient. Moreover, the replacement of Red 3
(erythrosine) with this system would only be feasible if the dye
or pigment responsible for the reddish/orange coloration is
properly isolated, purified, characterized, and confirmed to be
safe for consumption.

Sustainable Food Technol.
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In this study, preliminary tests were conducted by incorpo-
rating the CASE/Gly : NaOAc NADES system into three commer-
cial brands of natural yogurt to assess its potential as a natural
colorant. A noticeable change was observed following the addi-
tion of the extract (data are not shown), which shifted from
whitish to yellowish-orange, suggesting that CASEs could serve as
a potential natural colorant for dairy products. UV-vis spectro-
scopic analysis (400-700 nm) revealed distinct absorption peaks
corresponding to each treated sample, confirming pigment
incorporation and color enhancement. Control yogurts without
extract did not exhibit significant absorption peaks in this region.
Visually, all three yogurts exhibited a comparable orange hue
after the addition of the CASE/Gly : NaOAc NADES system.

Dabas et al. (2013) reported that methanolic extracts of
avocado seeds imparted a pale orange coloration to milk, an
effect attributed to the acidic pH of yogurt (4.25).* In the
present study, the density of yogurt increased slightly from
1.040 £ 0.002 to 1.050 £ 0.002 g mL " likely due to the relatively
higher density of the ready-to-use CASE/Gly:NaOAc NADES
system formulation. The pH of all samples remained stable,
with no statistically significant differences between control and
treated yogurts (p > 0.05), and within the acceptable range for
this type of product.

Overall, these results demonstrate that the incorporation of
the CASE/Gly:NaOAc NADES system into yogurt effectively
modifies the visual characteristics of the product without
adversely affecting its physical parameters, supporting its
potential application as a natural colorant for functional foods.
Future research should include sensory and consumer prefer-
ence studies (flavor, aroma, and overall acceptance), compre-
hensive colorimetric analyses, and evaluations of the thermal
and light photostability of the CASE/Gly : NaOAc NADES system
formulations under extended storage conditions.

3.8 Market potential

Avocado production is projected to reach 12 million tons by
2030, driven by the fruit's well-documented health benefits and
versatile industrial applications that sustain strong consumer
demand.*® According to the OECD-FAO Agricultural Outlook
2021-2030,% avocados are expected to become the second most
traded tropical fruit worldwide, following bananas. The United
States and Europe will remain the leading importers,
accounting for approximately 40% and 31% of global imports,
respectively. Meanwhile, demand in China is increasing
steadily, with Mexico, Perd, Chile, Kenya and Tanzania
emerging as its main suppliers.

The market potential for avocado residue-based biorefinery
products is substantial and rapidly expanding, driven by both
the growing global consumption of avocados and the transition
toward sustainable circular bioeconomy models. By-products
from avocado processing can be valorized into a diverse range
of high-value products and materials suitable for various
sectors. In the food and beverage industry, these include
bioactive additives such as antioxidants, polyphenols and die-
tary fibers, which can be used as natural colorants, food stabi-
lizers and nutritional enhancers in soups, beverages, baked
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goods, and snacks. Functional derivatives from avocado, such
as avocado proteins, supplements or emulsifiers, are used in
processed foods and meat-based products.*®

Beyond the food sector, AS residues and by-products offer
opportunities in pharmaceuticals and nutraceuticals. Their
bioactive compounds and extracts with antioxidant, anti-
inflammatory, and antimicrobial properties support the devel-
opment of therapeutic products, dietary supplements, drug
delivery systems and tissue engineering materials. The cosme-
ceutical and personal care industries likewise benefit from AS-
derived cosmetic ingredients, functional lipids, oils, and
extracts that exhibit antioxidative and hydrating functions,
contributing to skincare, haircare, and anti-aging formulations.
Furthermore, recent advances show that AS extracts can serve as
precursors for advanced nanomaterials, such as carbon dots
and nanoparticles with promising applications in functional
foods, targeted drug delivery, and environmental remediation.*®
The efficient utilization of these bioresources, combined with
increasing consumer demand for natural ingredients and the
global shift toward sustainability, is accelerating the adoption
of avocado-derived materials across multiple industries.

The avocado biorefinery market is expected to reach $105.8
billion by 2032, supported by a robust compound annual
growth rate (CAGR) reflecting an expansion of avocado-based
products and materials.>* Growth is particularly notable in
regions with regulatory frameworks that encourage sustainable
production and the use of bio-based ingredients. Among these
opportunities, the deep orange-reddish colorant extracted from
AS (CASE) shows strong market potential as a novel natural
colorant, aligned with global trends favoring clean-label and
eco-friendly food additives. However, its successful commer-
cialization depends on process optimization and the techno-
logical readiness level (TRL) of NADES-assisted extraction at
scale, alongside comprehensive toxicological and safety evalu-
ations and customer acceptance.

3.9 Scalability

The scalability of AS extraction using NADESs appears highly
promising for industrial applications, supported by both tech-
nical feasibility and environmental benefits. Key factors influ-
encing scale-up include extraction efficiency, process
optimization and solid-to-solvent ratio. Current studies indicate
that NADESs frequently outperform conventional organic
solvents in terms of extraction yield and the retention of
bioactive properties in CASEs. Optimization of critical param-
eters, such as temperature, residence time, and water content,
can be efficiently achieved using statistical experimental
designs, including Box-Behnken models. Several reports
demonstrate that scalable extraction at moderate temperatures
(approximately 70 °C), lower water contents (around 10%), and
short residence times (<2 h) is feasible while maintaining high
product quality. Moreover, solid-to-solvent ratios and mixing
strategies can be tailored for both batch and continuous flow
configurations.

The environmental performance of this process - driven by
its safety, eco-friendliness, and solvent recyclability - combined

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with the valorization of avocado processing bioresidues and by-
products, supports its environmental and economic viability.
The use of inexpensive, non-toxic and biodegradable NADESs
establishes a sustainable extraction platform for recovering
bioactive phytochemicals from ASs and other tropical fruit by-
products.®® NADESs can typically be recycled within the extrac-
tion cycle, enabling large-scale implementation while mini-
mizing solvent consumption and operational costs. From
a biorefinery perspective, this approach is straightforward,
readily adaptable, and facilitates the recovery of high-value
CASEs with potential applications as natural food colorants.
Additionally, the remaining starch-rich solids can undergo
enzymatic hydrolysis, integrating seamlessly into cascade bi-
orefinery schemes and maximizing AS biomass valorization.

Nonetheless, several limitations persist. The high intrinsic
viscosity of NADESs can impede mass transfer during large-
scale operations. These limitations can be alleviated by modu-
lating the water content or employing process intensification
techniques, such as mechanical agitation, ultrasound, or
microwave-assisted extraction. Although the direct application
of NADES/CASE systems appears promising, further toxicolog-
ical and safety evaluations are necessary to comply with current
regulatory frameworks. Moreover, if pigment recovery from the
CASE/Gly : NaOAc NADES system as a powder is desired, scal-
able separation methods, such as antisolvent precipitation or
membrane filtration, should be developed.

In terms of industrial feasibility, successful upscaling
requires extensive laboratory and pilot-scale validation as well
as compliance with regulatory standards and market accep-
tance. In summary, the use of food grade, non-toxic constitu-
ents in the CASE/Gly:NaOAc NADES systems demonstrates
high scalability and significant application potential in the
food, nutraceutical and cosmeceutical industries. The tech-
nology combines high extraction efficiency, operational adapt-
ability, economic sustainability and environmental safety,
positioning it as a viable strategy for the large-scale valorization
of AS by-products.

3.10 Waste management, environmental impact, circular
economy gaps, and sustainable development

The global avocado industry is experiencing rapid expansion,
resulting in the generation of a significant amount of bi-
oresidues and by-products, mainly seeds and peels. The seed
alone accounts for approximately 16% of the total fruit mass,
generating substantial quantities of agro-industrial bioresidues
worldwide. The disposal of these bulky residues poses signifi-
cant environmental challenges. Unmanaged organic waste
decomposes in landfills, releasing methane and contributing to
greenhouse gas emissions, while the accumulation of seeds and
peels can cause local pollution, unpleasant odors, and pest
proliferation. Furthermore, avocado cultivation is linked to
deforestation from land clearing, soil degradation caused by
intensive monoculture practices, water scarcity due to high
irrigation demands, and biodiversity loss associated with the
extensive use of agrochemicals.**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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These environmental concerns underscore the urgency of
developing sustainable strategies for managing avocado resi-
dues to prevent ecological degradation, minimize reliance on
fossil-based resources and enhance the economic value of agro-
industrial by-products. The valorization of these residues aligns
with circular bioeconomy principles and fosters sustainability
throughout the value chain.

The conversion of avocado bioresidues (seeds and peels) into
value-added products through integrated cascade biorefineries
provides an eco-friendly pathway to close nutrient and material
loops. This approach transforms what would otherwise be solid-
waste streams (~35-40% of fresh fruit mass) into high-value
coproducts, thereby strengthening circularity within the
avocado supply chain. Moreover, this valorization pathway
contributes to several United Nations Sustainable Development
Goals (SDGs):

® SDG 2 - zero hunger: the development of new value chains
can improve the productivity and competitiveness of the
avocado processing industry while enhancing micronutrient
availability for vulnerable populations.

¢ SDG 3 - good health and well-being: bioactive compounds
extracted from ASs (e.g. antioxidants and antimicrobials)
support the prevention of diet-related non-communicable
diseases.

e SDG 8 - decent work and economic growth: the estab-
lishment of biorefineries fosters local employment by creating
opportunities for processors, smallholder farmers and opera-
tors in rural regions, both near cultivation areas and adjacent
processing facilities.

e SDG 9 - industry innovation and infrastructure: scalable
biorefinery platforms promote technological advancement and
modernization across the agro-industrial sector.

e SDG 12 - responsible consumption and production: the
cascade use of pulp, peel and seeds enables the reintegration of
over 90% of the original biomass into productive cycles,
significantly reducing waste generation.

e SDG 15 - life on land: sustainable residue management
practices help mitigate soil pollution, preserve biodiversity, and
reduce the ecological footprint of avocado production.

Through these strategies, the avocado industry can transition
towards a more sustainable and circular model, promoting envi-
ronmental protection while delivering socioeconomic benefits.

4 Conclusions

In this study, the potential of CASEs obtained from Fuerte and
Hass varieties was evaluated using three solvents: distilled
water, 70% ethanol, and a glycerol: sodium acetate natural
deep eutectic solvent (Gly:NaOAc 3:1 NADES). The starting
material for extraction consisted of a homogeneous avocado
seed paste, which was exposed to air for 35 min to promote the
action of polyphenol oxidase (PPO) enzymes responsible for
producing brown and yellow-red pigments in fruits and vege-
tables. The Gly:NaOAc (3:1) NADES was synthesized using
a simple heating method. This solvent system resulted in
significantly higher extraction yields than those previously re-
ported. Percolation extraction using NADES produced a CASE/
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Gly: NaOAc (3:1) system as a viscous reddish-orange liquid,
achieving yields of 88.6% for the Hass variety and 88.2% for the
Fuerte variety. In contrast, aqueous and ethanolic extractions
yielded lower values, consistent with previous reports.

The color intensity of the CASEs, evaluated via absorbance
measurements, varied considerably across the 400-500 nm
spectral range, aligning with reddish-orange hues, as previously
reported. Although the underlying mechanism of color forma-
tion remains unresolved, both kinetic and pH stability analyses
indicate that the coloration in the CASE/Gly: NaOAc NADES
system does not originate from anthocyanins, which are
unstable at elevated pH levels and have not been detected in
avocado seed extracts. Notably, the CASE/Gly: NaOAc NADES
system demonstrates stability throughout the pH range char-
acteristic of food products (pH 3-7), positioning it as a prom-
ising alternative for food industry applications.

The highest total phenolic content (TPC) was observed in the
CASE/Gly : NaOAc NADES system of the Hass variety, followed
by that of the Fuerte variety. The Gly: NaOAc NADES, used in
this study effectively dissolved and extracted a broad array of
natural compounds, particularly polyphenolics, confirming
previous observations for other NADES. Analogously, the CASE/
Gly:NaOAc NADES system yielded the highest antioxidant
activities, with the Fuerte variety exhibiting superior antioxidant
capacity. These findings suggest that eutectic solvents enhance
polyphenol extraction efficiency and contribute to preserving
antioxidant functionality.

Regarding cytotoxicity, the CASE/Gly : NaOAc NADES system
from the Hass variety showed no detectable cytotoxic effects and
did not significantly reduce cell viability. Similarly, all CASEs
from both varieties were non-cytotoxic at concentrations below
5 mg mL " after 24 h of exposure. Most samples remained non-
cytotoxic after 48 h, with the exception of the ethanolic extract of
the Hass variety. Overall, no substantial cytotoxic differences
were observed between the two avocado varieties.

Further toxicological evaluation is recommended to confirm
the safety of these extracts for food and cosmetic applications.
Overall, CASEs represent a sustainable, non-toxic, and eco-
friendly alternative to synthetic dyes, contributing to the
circular bioeconomy and supporting sustainable development
goals. Future studies should include both qualitative and quan-
titative characterization of the chemical composition of the CASE/
Gly: NaOAc system, together with sensory analyses to assess its
performance in final products, such as yogurt, a non-alcoholic
beverage, and other consumer goods. In addition, a comprehen-
sive regulatory assessment is required to ensure compliance with
standards for certified food color additives. Finally, process
optimization, scale-up strategies, and performance validation are
essential steps before the CASE/Gly:NaOAc system can be
considered for industrial application as a natural food colorant.
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