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Abstract

Lycium barbarum L., also known as goji or wolfberries, have a remarkable chemical composition

and extraordinary biological activities, allowing it to be classified as a "superfruit".

The main objective was to optimize the Ultrasound-Assisted Extraction (UAE) of goji berries
using the Response Surface Methodology, and to characterize the optimal extract. The optimal
UAE conditions established were a solid:liquid ratio of 8.75%, for 56.21 min and an intensity of
59.05 W/m?. The optimal extract demonstrated a high total phenolic content (20.91 mg GAE/g
dw) as well as exceptional antioxidant/antiradical properties (ABTS =14.95 mg AAE/g dw; DPPH
=10.29 mg TE/g dw; FRAP = 106.79 pmol FSE/g dw). LC/DAD-ESI-MS analysis revealed a
diverse phytochemical profile that included compounds such as feruloylquinic acid, 3,5-

dicaffeoylquinic acid, rutin, and numerous derivatives.

Furthermore, the optimal extract demonstrated strong scavenging activities, particularly against
HOCI (ICso = 12.99 pg/mL). Cell viability studies on intestinal cell lines (Caco-2 and HT29-MTX)
revealed that doses up to 500 pg/mL were safe, however 1000 pg/mL significantly reducing
Caco-2 (60.00%) and HT29-MTX (17.02%) viability. Thus, a concentration of 500 g/mL was
used in the intestinal co-culture experiment, which showed that most compounds from the

optimal extract crossed the intestinal cell monolayer and exerted their pro-healthy properties.

Keywords: Lycium barbarum, response surface methodology; ultrasound-assisted extraction;

antioxidant activity.



Resumo

Lycium barbarum L., também conhecido como goji, tem uma composicao quimica notavel e

atividades bioldgicas extraordindrias, permitindo-lhe ser classificado como um "superfruto”.

O principal objetivo foi otimizar a extracao assistida por ultrassons (EAU) de bagas de goji
utilizando a metodologia de superficie de resposta e caraterizar o extrato étimo. As condicoes
6timas de EAU estabelecidas foram uma relagao sdlido:liquido de 8,75%, durante 56,21 min e
uma intensidade de 59,05 W/m2. O extrato 6timo demonstrou um elevado teor de fendlicos
totais (20,91 mg GAE/g dw), bem como propriedades antioxidantes/antiradicalares excecionais
(ABTS = 14,95 mg AAE/g dw; DPPH = 10,29 mg TE/g dw; FRAP = 106,79 umol FSE/g dw). A
analise LC/DAD-ESI-MS revelou um perfil fitoquimico diversificado que incluia compostos como

o0 dcido feruloilquinico, o dcido 3,5-dicafeoilquinico, a rutina e numerosos derivados.

Além disso, o extrato 6timo demonstrou fortes atividades de captacao, particularmente contra
HOCI (IC50 = 12,99 pg/mL). Estudos de viabilidade celular em linhas de células intestinais (Caco-
2eHT29-MTX) revelaram que doses até 500 pg/mL eram seguras, mas 1000 pig/mL reduziram
significativamente a viabilidade de Caco-2 (60,00%) e HT29-MTX (17,02%). Assim, foi utilizada
uma concentracao de 500 g/mL no ensaio de co-cultura intestinal, que mostrou que a maioria
dos compostos do extrato 6timo atravessou a monocamada de células intestinais e exerceu as

suas propriedades pré-saude.

Palavras-chave: Lycium barbarum; metodologia de superficie de resposta; extracao assistida

por ultrassons; atividade antioxidante.
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1. Introduction

Nowadays, the interest in natural matrices, such as exotic berry-type fruits and other
botanical products, has beenincreasing worldwide (1,2, 3, 4). The society has become more
concerned with eating habits, mostly due to the reinforcement that exists a positive relation
between good eating habits and the prevention of disease development, such as diabetes,
cardiovascular, neurological pathologies or even cancer (5). Simultaneously, the emergent
awareness about the worrying state of the planet, and the impact that various types of
industries have on it, has left the population concerned and demanding greener
formulations using bioactive ingredients recovered from natural sources (1, 6). Therefore,
the consumption of natural matrices has increasedinrecent years, not only as a supplement

forimbalanced diets, but also as an integral part of a normal healthy diet (3, 7).

Other than that, plants have been used for thousands of years as source of compounds for
traditional medicine, aiming to prevent and treat health problems (8). Data from the World
Health Organization (WHO) estimates that 80% of the world's population resorts largely to
traditional remedies for health care and speculate that around two billion people heavily rely
on medicinal plants (9). Examples of natural matrices used for pharmaceutical, medical, or
healthcare proposes are Lycium barbarumL. (10), Castanea sativa (1), Schisandra chinensis
(8), Aloe vera (11), Zingiber officinale (12), Papaver rhoeas (13) and Sambucus nigra L. (14).
The remarkable phytochemical composition of L. barbarum berries (Figure 1) (10, 15, 16)
have raised the interest of the science community in this fruit and, therefore, the number of

studies focused in goji berries has increased drastically in recent years (16, 17).

Figure 1. Lycium barbarumberries.



11.  Lycium barbarum

Lycium barbarumL.is one of the most common members of the Solanaceae family (16,18),
consisting of about 70 species distributed from temperate to subtropical regions (15, 19).
The berries, also known as wolfberries, mostly grow in China and other parts of Asia (2, 16,
20). China, however, is the primary worldwide supplier (17, 21), with about 25000 — 30000

tons of dried fruit being produced annually in Ningxia, Xinjiang, Gansu, and Mongolia (22).

Due to the raising number of reports on the positive correlation between the consumption
of natural matrices and the consumers health improvement (5), the production of fruits all
over the world has been increasing in the last 20 years (Figure 2). Asia is the region with the
highest production (71.2%), followed by Africa (15.8%), Americas (8.3%), Oceania (3.4%)
and Europe (1.3%) (23). Goji berries is one of the fruits whose production have been growing
in the last decades (24), particularly in Europe (Italy, Romania, Bulgaria, Portugal, Greece,

Serbia), Northern America, and Australia.
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Figure 2. Annual production and harvested area of fruit in the last 20 years (23).

Goji berries can be divided into different classes, according to the ripening stage, dimension,
weight, color, firmness, soluble solid content, pH, and titratable acidity (18). The mature fruit
is between 1and 2 cmlong, presenting an ellipsoid shape and a bright orange-red color, and
contains up to 40 tiny seeds per fruit (2,16, 18). The berries are sweet (25) and widely used
as a dietary supplement, food, and natural health product (15, 20, 21). Although mostly
consumed fresh in the regions of its cultivation (5), in the rest of the world it is essentially
consumed as a dried fruit (5, 26) or transformed into alimentary products, such as juices,

herbal teas, yogurt products, granola, powders and tablets (Figure 3) (5,10, 26).
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Figure 3. Food products containing L. barbarumberries.

For thousands of years, goji berries have been used in herbal medicine in Asian countries
(17). Based on their rich nutritional value and medical properties, such as antioxidant,
antimicrobial, immunomodulatory and anti-inflammatory effects (20, 27, 28), this fruit has
been employed by local population as an anti-aging, tranquilizer, thirst quenching, blood
nourishing, early onset diabetes and tuberculosis treatment, dizziness, chronic cough, and
eye health protection (16, 28, 29). All these pro-healthy properties make this fruit more
attractive to the general population, making goji berries one of the most popular functional
food ingredients/supplements worldwide (16). Nevertheless, the consumption of natural
supplements needs to be balanced to avoid negative effects related to their overuse or
interaction with other medical treatments (3). Therefore, further risk/benefit evaluations

are urgently needed in food or health-promoting formulations (15).
1.1.1. Bioactive compounds and chemical composition

Different authors have reported that goji berries have a remarkable concentration of
phenolic compounds, organic acids, fat, dietary fibers, essential amino acids, valuable trace

minerals, and vitamins (2, 10,16, 27, 30).

Phenolic compounds (Figure 4) are plants secondary metabolites that possess different
physiological activities associated with their chemical structures (27, 31, 32). They act as a
defense mechanism to provide adaptation and survival capacity to plants in adverse

environmental conditions, like protection or defense against ultraviolet radiation (UV),



pathogens aggression, parasites, and predators, along with contributing to plant parts
colors (1, 31). These compounds usually add nutritional and functional value to fruits,
contributing to their organoleptic characteristics, such as astringency, bitterness, and
aroma (6, 31). Simultaneously, they guarantee outstanding biological activities and pro-
healthy properties against oxidative stress (1, 16, 27), being capable of delay, prevent and

inhibit oxidation by scavenging free radicals and, thus, reducing the oxidative stress (31).
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Figure 4. Categories and subcategories of phenolic compounds.

A way of preliminarily assessing the phenolic profile of a product is by evaluating their total
phenolic content (TPC), total flavonoid content (TFC) and total carotenoid content (TCC)
(33), which are intrinsically related to the fruit aspect as well as to its nutritional and health
promotion capacity (24, 32, 34). Table 1 summarizes the TPC, TFC and TCC in goji berries,

according to different authors.

Table 1. Total phenolic, flavonoid and carotenoid content in goji berries according to different studies.

TPC TFC TCC Reference
449 — 778 mg GAE/100 g dw - 400 - 950 mg/100 g dw (24)
3000 mg GAE/100 g dw 2480 mg QE/100 g dw - (26)
31.6 mg GAE/100 g dw 283mgCAE/100gdw  23.30 mg CAE/100 g dw (29)
145.2 mg GAE/100 g dw 74.5mg QE/100 g dw - (30)
97.23mg /100 g dw - 212,94 mg/100 g dw (34)
162.4 mg GAE/100 g fw 214.2 mgHE/100 g fw 41.71mg/100 g fw (35)

GAE - Gallic Acid Equivalents; CAE - Catechin Equivalents; HE - Hyperoside Equivalent; QE - Quercetin Equivalents; TPC - Total Phenolic
Content; TFC - Total Flavonoid Content; TCC - Total Carotenoid Content; dw - dry weight; fw - fresh weight.



Goji berries are renowned for their diverse array of phytochemicals that contribute to their
numerous health benefits (36). These phytochemicals include phenolic acids, such as
chlorogenic and p-coumaric acids, flavanols like rutin and quercetin, and flavan-3-ols such
as catechin and epicatechin. Additionally, these berries are a source of essential vitamins
like ascorbic acid and tocopherols, vibrant pigments including zeaxanthin, b-carotene, and
cryptoxanthin, as well as sugars such as glucose, fructose, and sucrose. They also contain
both soluble and insoluble fibers, organic acids, primarily quinic, tartaric, and malic acids, and
essential minerals like potassium, sodium, and calcium. Furthermore, goji berries provide
essential fatty acids, predominantly linoleic, oleic, and palmitic acids. Table 2 summarizes

the recently reported data on the phytochemical composition of goji berries.

Table 2. Phytochemical composition of goji berries according to different authors.

Compounds Amount Reference
Phenolic compounds 12697.90 mg/100 g fw (5,10,16,30)
M Phenolic acids 132.70mg/g
A Chlorogenic acid A 25.07-107mg/qg
A p-coumaric acid A 1230mg/g
A Caffeic acid A 0.93-899mg/g
M Flavanols 1 27.60mg/g
A Rutin A 16.60-12.84mg/g
A Quercetin A 10.23-9.41mg/q
1 Flavan-3-ol 1 10.40mg/g
A Catechin A 134-113mg/qg
A  Epicatechin A 218-198mg/g
Organic acids 4461.02mg/100 g fw (16)
1 Citric 1 254.09 mg/100 g fw
T Malic 1 601.43mg/100gfw
1 Quinic 1 201.73mg/100 g fw
I Tartaric 1 1580.35mg/100 g fw
Carotenoids 212.94 mg/100 g dw (34)
1 Zeaxanthin 1 84.54mg/100gdw
1 b-Carotene 1 19.35mg/100 g dw
1 Cryptoxanthin 1 72,29mg/100gdw




Compounds Amount Reference
Vitamins (16,34,37)
9 Ascorbic acid 1 239-48.94mg/100gfw
{1 Tocopherol 1 0.33mg/100gdw (10)
Carbohydrates 771-879/100gdw (10,37)
f Total sugars 1 45.60-67.839/100gdw (22,37)
1 Soluble sugar 1 27.09g/100gdw (10,24)
0 Glucose o 14.40-17.329/100gdw
0 Frutose 0 12.70-2171g/100 gdw
0 Sucrose o 0.80-148g/100gdw
Dietary fibers 3.63-169/100gfw (20,35)
1 Soluble 1 090-55g/100gdw (10)
1 Insoluble 1 273-11.7g/100gdw
Proteins 5.3-143g/100 gdw (10,37)
{1 Essential aminoacids 1 21399/100gdw (37)
9 Non-essential aminoacids 1 6.7289/100gdw
Fatty acids 0.39-4.19/100 gdw (10,37)
T Linoleic acid T 37.89-53.4%
1 Oleic acid 1 165-236%
1 Palmitic acid T 1277-21.79%
Ash 0.78 - 3.21g/100 g dw (10,37)
Minerals (2,20,35)
1 Potassium 1 434-1460mg/100 g fw
M Calcium 1 29-60mg/100gfw
1 Sodium 1 75-550mg/100 g fw
M lron 1 5.4mg/100gfw
1 Phosphor 1 232mg/100gfw

fw - fresh weight; dw - dry weight.

The different results obtained by the diverse authors may be explained by the extraction
techniques employed as well as the extractor solvents used (5, 33). Moreover, the bioactive
compounds present in plants are highly influenced by cultivation factors, namely variety,

ripeness, geographic location, climatic conditions, among others (19, 27).



1.1.2. Biological activities of L. barbarumberries

As previously mentioned, goji berries have been used for thousands of years in herbal
medicine due to their rich nutritional value, medical properties, and biological activities (16,
20, 27, 29). Several studies highlighted the pro-healthy effects of this fruit, particularly in
what concerns to antioxidant, anti-tumor, antimicrobial, hypoglycemic, hypolipidemic,
immunomodulatory anti-mutagenic, and prebiotic activities, alongside with anti-aging,
anti-fatigue, neuroprotective events, and increased metabolism, cytoprotective and
general well-being effects (6,15, 16,17, 20, 25, 26, 27, 28, 29, 38). These biological activities
have been closely related to the fruit phenolic composition, particularly phenolic acids,
flavonoids, carotenoids, and tannins (1, 20, 27, 29, 39). The following sections will highlight

three of these biological activities: antioxidant, antimicrobial and antiproliferative.
11.2.1.  Antioxidant activity

Oxidative stress is a phenomenon that occurs due to an imbalance between proZxidants
and antioxidants, which can be a consequence of the excessive production of reactive
oxygen species (ROS) (30). ROS naturally occur in living organisms, being involved in
processes such as proliferation and apoptosis (21). However, when the quantities of ROS,
such as superoxide radicals (02-), hydrogen peroxide (H-0>) and hydroxyl radicals (OH"),
overcome the activity of endogenous antioxidant mechanisms (Figure 5) such as
antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx)) and nonenzymatic molecules (glutathione (GSH) and ascorbic acid), a

state of oxidative stress is installed (6, 21, 31).

This stress phenomenon is implicated in the aging process as well as in several pathologies
(cardiovascular dysfunction, various typologies of cancer, inflammation, rheumatism,
diabetes, rheumatoid arthritis, pulmonary emphysema, dermatitis, cataract,
neurodegenerative diseases, endothelial cell dysfunction, and several autoimmune
diseases linked to degenerative processes of aging) that frequently lead to death or
incapacitation (5, 16, 30). In some situations, an external antioxidant supplementation is
required to reestablish the balance, and fruit phenolic compounds arise as an option (31).

The main contributors to the antioxidant capacity of food, especially fruits and vegetables,



are phenolic compounds, such as phenolic acids and flavonoids, carotenoids, tocopherol,
polysaccharides, anthocyanins, and condensed tannins (1, 6, 29, 34, 39). These molecules
stimulate the antioxidant defenses by delaying, inhibiting, or preventing the free radicals
from damaging proteins, deoxyribonucleic acid (DNA) and lipids, as well as by scavenging
free radicals by hydrogen atom transfer or electron donation, or enhancing endogenous

antioxidant defenses, such as antioxidant enzymes (SOD, CAT, GPx) (6, 16, 30, 31).
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Figure 5. Endogenous and exogenous antioxidant molecules.

There are various ways to evaluate a product's antioxidant activity, and several methods
have been used to test the antioxidant/antiradical properties of goji berries. The most
frequently applied are the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) and 2,20-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) radical (ABTS*) scavenging assays as well
as ferric reducing antioxidant power (FRAP) assay (6, 33, 40). Table 3 summarizes the

recently reported data on the antioxidant and antiradical activities of goji berries.

Table 3. Antioxidant and antiradical activities of goji berries according to different authors.

DPPH ABTS FRAP References
18.5-13.9 pmol VCE/gdw  61-54 pmol VCE/q dw - (5)
879-935mgTE/gdw 24.86-25.12mgTE/gdw  16.91-19.52 mg TE/g dw (15)
16.65 pmol TE/g dw 59.14 pmol TE/g dw 35.1675 mmol Fe>*E/g dw (29)
- 16.0-68.3 umol TE/gdw  14.4-63.0 pmol TE/g dw (34)
4.526 pmol TE/g fw 129 pmol TE/g fw 5.324 pmol TE/g fw (35)

TE - Trolox equivalent; VCE - vitamin C equivalent; Fe?*E - Fe?* equivalent; dw - dry weight; fw - fresh weight.



A study conducted by Islam et al. (29) assessed the TPC (3.16 mg GAE/g dw), TFC (2.83 mg
CAE/gdw), condense tannin content (CTC; 1.08 mg CAE/g dw) and monomeric anthocyanin
content (MAC; 0.24 mg MAC/qg dw), along with DPPH (16.65 pmol TE/g dw), ABTS (59.14
umol TE/g dw) and FRAP (3516.75 mmol Fe**E/g dw) assays of a goji berries extract. The
results attested a positive correlation between DPPH, ABTS and FRAP assays and the
phenolic compounds (0.786, 0.643 and 0.856, respectively), flavonoids (0.857, 0,714 and
0.786, respectively), condensed tannin (0.429, 0.714 and 0.643, respectively) and
anthocyanin content (0.643, 0.786 and 0.857, respectively), supporting the idea that
phenolic compounds are the main contributors to the antioxidant activities of goji berries,

which s in line with information previously reported (31).
1.1.2.2.  Antimicrobial activity

Goji berries have already demonstrated antimicrobial activity according to different authors
(10, 41). This activity is usually associated with the phytochemical profile of the fruit that
includes polysaccharide, flavonoid, phenolic acids, and carotenoid (6, 41). These compounds
exert antimicrobial effects by complexing with extracellular and soluble proteins, leading to
a disruption of the microbial membrane, interaction with enzymes, or provoking metal ion
deprivation (10, 41). Another way of explaining the antimicrobial activity of polyphenols is
their structural features, as well as the pH and sodium chloride concentration, which results

in physiological changes in the microorganisms and eventually leading to cell death (41).

A study carried out by Kabir et al. (2014) (41) confirmed that chlorogenic acid, one of the
phenolic acids detected in greater amounts in goji berries, exhibited a bacteriostatic and
bactericidal effect against the Gram-negative bacterium Escherichia coli. The bacteriostatic
effect was assessed by measuring the optical density to determine the growth inhibitory
effect of chlorogenic acid when added to a culture of E. coliin a concentration of 0.5 mM. As
for the bactericidal effect, it was evaluated by using mid-logarithmic phase cell cultures (10
cells/mL) at different doses (2.5, 5.0, and 10 mM), treatment times (0, 1, 3, and 6 h),
temperatures (20, 37, 45, and 50 xC) and pH conditions (8.0, 7.0, 6.0, 5.0, and 4.0). The
overall results demonstrated a synergetic antimicrobial effect expressed by chlorogenic

acid and related compounds, and a dose, temperature, and time-dependent bactericidal



effect. The authors stated that this effect may be related to the fact that chlorogenic acid is
aphenolic acid, presenting the capacity of promoting physiological changes on the microbial

cellmembrane that result in cell death (41).
1.1.2.3.  Anticancer activity

Despite the extensive research and advances in cancer treatments made in recent years,
cancer is still a worldwide problem (38, 42), with breast, lung and colorectum cancer being
the most mortal and persistent ones (Figure 6). Even though the human body exerts a
protective effect against tumors development, for example, by modulating immune
response (42, 43) or promoting apoptosis and cell cycle arrest (38), most of the times
medical intervention is required. Currently, there are multiple cancer therapies available,
including surgery, chemotherapy, radiotherapy, hormone therapy and immunotherapy, all

of which have associated disadvantages (25).
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Figure 6. Estimated numbers of incidence and mortality of some types of cancer in the world, accounting for
both sexes and all ages (44).

The knowledge that several polyphenols-rich extracts from natural matrices have been
suggested as promising anti-cancer agents, with few side effects and are associated with
a lower risk of cancer and cancer mortality, has increased the populations interest in the
consumption of fruits and natural matrices (1, 2, 31). For example, phenolic compounds can
act immediately before, during and even after the initiation of the carcinogenesis process
(33,40). These compounds exert an antioxidant effect through prevention of ROS attack by

scavenging radicals, regulating molecular targets and signal pathways, suppressing
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carcinogenic agents, inducing cell-cycle arrest, or exerting an antiproliferative, anti-

inflammatory and apoptotic effect (25, 31, 33,38, 40, 45).

A study with a goji berries ethanolic extract assessed the proliferation, apoptotic and
necrotic effect of different extract concentrations in T47D human breast cancer cell line
(45). The results of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay attested a strong decrease of the cells proliferation (70, 55.7 and 51.4% after
24, 48 and 96 h, respectively) after exposure to the highest extract concentration (1
mg/mL). The bromodeoxyuridine cell proliferation assay supported these results, showing
a sharp decrease in the proliferation of T47D cells, as well as the neutral red cell viability
assay that demonstrated a slight decrease in the T47D cell viability. As for propidium iodide
and Hoechst solutions staining, in T47D cells, it was detected an increase in the apoptotic
percentage (37, 61.6 and 88% when treated with 0.1, 0.5 and 1 mg/mL of extract,
respectively) and a significant necrotic change for the extract concentration of 0.5 mg/mL.
These results suggest that the anti-cancer effect of goji berries extract is due to apoptotic
effects through the mitochondrial pathway. To confirm this theory, by Western blotting, the
authors (45) demonstrated a dose-dependent significant increase in pro-apoptotic Bax
protein expression and a decrease in the anti-apoptotic BcIxL protein expression after

treatment of T47D cells with the extract for 48 h, inrelation to control.
1.1.3. Potential applications of L. barbarumberries

Overall, considering the excellent nutritional profile and the positive health effects of goji
berries, this fruit can be classified as a “superfruit” (16, 26) used in different areas, such as

food, nutraceutical, or cosmetic industries.

Regarding the food industry, it has been reported that aqueous extracts can be used as
potentially prebiotic food additives (6, 46). Goji berries extract has also been successfully
used in meat products to improve the sensory properties and the oxidative stability during
storage (47). The addition of 1.0% of goji berries extract and 1.0% of buckwheat flour
improved the oxidative stability and quality of modified horse-meat products, resultingin a
better smell, taste, and surface color properties after 21days of storage (48). Another study

determined the effect of the addition of goji berries or goji berries extracts on sausages (47),

1"



reporting that the addition of 1% goji berries extracts effectively suppressed the lipolysis
and the protein/lipid oxidation, reducing the microbial count during storage, and preserving
the color, aroma and taste of the sausages. Antonini et al. (49) also evaluated the addition
of goji berries to meet formulas and determined that the addition of chia seeds and L.
barbarum puree (2.5 and 5%, respectively) to beef burgers promotes a higher TPC, an
increase up to 70% of the total antiradical capacity (through Oxygen Radical Absorbance
Capacity (ORAC), ABTS and DPPH assays) and a decrease of the lipid peroxidation up to
50%. The confectionery and bakery industries are also using goji berries and their
compounds toimprove the functional, sensory, or texture properties of various products (6).
Muffins and cookies enriched with different shares of goji berries powder or by-products
showed an increase in the TPC and insoluble and soluble fiber contents as well as good

sensory properties (20).

Currently, nutraceuticals are being introduced into consumers' everyday diets. They are
defined as foods, beverages, or supplements with high concentrations of bioactive
chemicals that have excellent health-promoting effects on human body (5). Due to the
bioactive compounds present in fruit, goji berries are being investigated as potential

nutraceutical ingredients (1, 29, 30).

As previously stated, goji berries have been used in herbal medicine for thousands of years
(17), along with hundreds of plants that are cultivated worldwide to be used in medicine and
pharmaceutical formulations (50). Based on the long-term traditional use of goji berries,
this fruit is now generally recognized as non-toxic (6). However, adverse effects can occur
and, depending on the amount and how goji berries are consumed, they might pose arisk to
the general public health (50). The presence of tropane alkaloids, chemical contaminants
(such as pesticides and toxic elements) or some proteins that can cause allergic reactions
in sensitive consumers may represent a threat (6). Therefore, safe consumption of natural
matrices, such as goji berries, should be ensured through professional guidance to avoid
adverse effects, toxicity, and allergies (51). Furthermore, the application of this fruit and its
components at high levels in different industries, such as food, pharmaceutical,

nutraceutical or cosmetic, can substantially deteriorate the sensory, textural, and quality of
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the final products (20). More studies should be conducted in order to determine if the use of

this fruit is still beneficial for consumers (15).
1.1.4. By-product valorization

During production and processing of food products, a huge amount of waste is generated,
some of which may contain a significant load of bioactive compounds (7). Annually, in the
European Union (EU) approximately 88 million tonnes of waste are generated, with
associated costs estimated at 143 billion euros (39). The last data from the Food and
Agriculture Organization of the United Nations (FAO) states that fruit and vegetables
processing wastes, such as peels, pomace, flowers, stems, leaves, seeds and pulps, are the
5t highest contributor (representing 8% of total food waste) (32, 39). In the particular
example of goji berries, approximately 10 kg of waste are generated per 90 kg of goji-based
beverages (20). Besides the fact that the disposal of this waste can cost a lot of money to
manufacturers, it has a serious negative impact on the environment (20, 32). As aresult, the
industries face the urgent and necessary challenge of implementing greener, more efficient,
sustainable, and eco-friendly processing protocols in order to generate less waste, but also

reduce, reuse and valorize agro-residues and industrial wastes (1, 32).

The by-products of L. barbarum include leaves, stems, young shoots, root bark, flowers,
seeds, and pulps and can also be consumed as part of a traditional diet and used for
medicinal purposes (35). For instance, a study developed in Portugal (10) compared the
composition of goji stems and berries and reported similar values of phenolic compounds
(71.9 vs 71 mg/g dw), organic acids (2.08 vs 2.07 g/100 g dw), energy (383 vs 408
kcal/100 g dw) and total carbohydrates (78.1 vs 87 g/100 g dw). Even more, stems showed
higher antioxidant and antiradical capacities (DPPH scavenging activity (ECso = 0.28
mg/mL), reducing power (ECso= 0.23 mg/mL) and thiobarbituric acid reactive substance
(TBARS) inhibition (ECso = 0.07 mg/mL), as well as antibacterial activity against Gram-
negative (Escherichia coli, Morganella morganii, Pseudomonas aeruginosa, Acinetobacter
baumannil) and Gram-positive bacteria (Staphylococcus aureus, Listeria monocytogenes,

Enterococcus faecalis), than goji berries (10).
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Another study, this time focusing on L. barbarum flowers (52), showed a major presence of
chlorogenic, p-coumaric and ferulic acids, isoquercitrin, rutin and quercitrin (similar to what
was stated in studies concerning goji berries (10, 27, 30)), while the TPC and TFC was very
similar to L. barbarum fruits (3.75 and 0.61 mg/g dw vs 1.45 and 0.75 mg/g dw (30),

respectively).

As for goji leaves (53), after an ultrasonic extraction with methanol/water (70:30, v/V), the
phenolic profile revealed the presence of chlorogenic acid and rutin, as previously reported
in goji berries (10, 27, 30). Regarding the antioxidant activity, trolox equivalent antioxidant
capacity (TEAC) and electron paramagnetic resonance (EPR) spectrometry were
performed, and the results showed a high antioxidant power (140 mg TE/g dw and 212 mg
FSE/g dw, respectively). Aside from that, polyphenols from goji berries leaves were also
encapsulated in liposomes to improve their delivery and successfully serve as carriers for

polyphenols, demonstrating a cytoprotective effect on L-929 mouse fibroblast cells (6).

Based on the results detailed above, it can be stated that goji berries by-products are
characterized by high amounts of dietary fiber, vitamins, minerals, phytochemicals and
antioxidants, being valuable ingredients for food industry. Therefore, the incorporation of
goji berries by-products, for example, in bakery industry, may provide benefits to
consumers and manufacturers, not only due to the nutritional value, but also based on the

economic advantages that comes from the elimination of the costs for its disposal (20).
1.2. Extraction techniques

A way of assuring the recovery of highest amounts of bioactive compounds is by choosing
an efficient extraction technique (7) and the correct extraction conditions such as
temperature, pressure, solvent, and time (32, 54). There are multiple techniques available in

the market, from conventional to non-conventional ones.

The conventional extraction techniques, also known as solid-liquid extractions, require
direct contact between solvent and solid sample (1) and are based on the principle that the
solvent and the application of heat are enough to extract compounds (32). Some examples
include Soxhlet extraction, hydro distillation, maceration, and solvent extraction (1, 32, 55).

However, since the extraction process is a critical step in the isolation and purification of
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bioactive compounds (7,19, 54), some of these conventional techniques may not be the best
option due to some limitations: reduced extraction efficiency, high energy employment, low
selectivity and yields of extraction, time consuming, use of high temperatures and the
associated compound degradation, and use of large volumes of solvents (19, 55, 56, 57).
Based onthat, industries have been focused on overcoming these limitations by developing
new non-conventional or “green” extraction technologies (58, 59), such as Microwave-
Assisted Extraction (MAE), Supercritical Fluids Extraction (SFE), Enzyme-Assisted
Extraction (EAE), Subcritical Water Extraction (SWE), Pulsed Electric Field Extraction
(PEFE) and Ultrasound-Assisted Extraction (UAE).

The MAE is based on the solvent penetration into the plant matrix and, due to
electromagnetic waves, the components break down, and the solubilized compounds are
transferred to the bulk solution. The combination of heat and mass gradients promote high
extraction yields (1, 32). Other extraction technique commonly employed is SFE, which is
based on the principle that when a material is exposed to atemperature and pressure above
the critical limit, the supercritical condition takes place and the fluid acquires gas/liquid
properties (1, 32, 56, 59). EAE consists in the addition of an enzyme to the extraction
medium and the consequent break of the cell wall, allowing the intracellular materials to be
extracted (32, 59). Regarding SWE, water is used as solvent at temperatures between 100
xC and 374 xC and the pressure generated is high enough (10 - 100 bar) to sustain water in
the liquid state (1, 56). At this state, the polarity of water decreases, being capable of
extracting polar and non-polar compounds (56). Concerning PEFE, it is a non-thermal
extraction technique based on the principle that when subjected to que correct external

electric field the cell membranes will rupture, releasing their content (32, 59).

Table 4 summarizes some of the advantages and disadvantages of the different green

extraction techniques mentioned, according to different authors (1,7, 32, 58, 59).
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Table 4. Advantages and disadvantages of different green extraction techniques.

Technique Advantages Disadvantages
SWE Energy and time saving; high High temperatures; inefficient in
selectivity; high extraction yields; large-scale production; expensive
eco-friendly solvents equipment and maintenance
SFE Time saving; easy to separatethe ~ Energy consuming; low selectivity;

extracted compounds; little amount

organic solvents; expensive

of sample and solvent equipment and maintenance

MAE Easy; clean; little amount of High temperatures; organic
solvent; energy and time saving; solvents; expensive equipment and
high extraction yields maintenance; difficult handling
EAE Eco-friendly solvents; low Difficult to separate the extracted
temperatures; high extraction compounds; inefficient in large-
yields scale production; time consuming.
PEFE Non-thermal; clean; high Hord to accurately regulate
selectivity; time and energy saving;  parameters; expensive equipment
high extraction yields and maintenance
UAE Eco-friendly solvents; non- Expensive equipment and

1

thermal; time and energy saving;  maintenance; possible free radicals

high extraction yields generation

Even though all these sustainable extraction processes are good, UAE have bheen
considered the most promising technique by the scientific community (40, 60), being

selected for this study.

1.2.1. Ultrasound-assisted extraction

UAE is an advanced green extraction method that uses high intensity sound waves to
increase the speed of molecular movements and cause the disruption of plant tissues
through physical forces developed during acoustic cavitation (7, 21, 60). This process helps
the release of extractable components in the solvent in less time by enhancing the mass

transport (7, 55).

16



This extraction technique consists of a series of compression and rarefaction sound wave
cycles that can be propagated through solid, liquid or gas medium, inducing displacement
and dislodgement of molecules from their original positions (7). The ultrasound devices for
extraction use arange of frequencies from 20 kHz to 2 MHz (59) that are capable of creating
an acoustic cavitation effect (Figure 7), which is the main mechanism involved in the UAE
(32, 59). The ultrasonic waves generate cavitation bubbles in the medium that grow and,
upon collapsing, release energy and create localized high pressure and temperature zones
that are capable of rupturing cell membranes and release intracellular content into the
medium (7,32, 59). However, other phenomena, alone or in combination, can be in the origin
of the compounds release, such as fragmentation, localized erosion, pore formation
(sonoporation), shear force, and increased absorption and swelling index in the cellular

matrix of the plant (7,32, 57).

Figure 7. Scheme of a UAE and the acoustic cavitation effect created.

The UAE system can be performed through an ultrasonic bath or an ultrasonic probe. The
ultrasonic bath consists of a stainless-steel tank connected to a transducer with the solid
matrix and the solvent in it. Despite being more economic and easier to handle, it has a low
reproducibility, distributes the energy in a non-uniform way and leads to a decrease of the
ultrasonic power over time (7). Regarding the ultrasonic probe, a probe connected to a
transducer is immersed in the extraction vessel and delivers ultrasound waves with
minimum energy loss directly into the extraction medium (7, 32). This type of system is
usually preferred because the energy is delivered in a specific zone, generating a more

efficient cavitation effect (7, 40).
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