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Abstract

Grapevines, renowned for their high phenolic content, are attracting significant interest due to
their potential health benefits, including antioxidant, anti-inflammatory, and anti-cancer
properties. This research delves deeply into the primary chemical constituents of grapes and
their byproducts, identifying the most effective polyphenol extraction methods. Special
emphasis is placed on the development and production of innovative grape-based formulations
that enhance human health through various delivery methods such as cutaneous, mucosal, oral,
pulmonary, and nasal. The transition from laboratory research to industrial production is also
explored, highlighting the challenges and limitations of scaling up these novel health-promoting
products. This comprehensive review aims at providing valuable insights into the potential of
grape-derived compounds and their applications, paving the way for future innovations in the

field of health and nutrition.
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1. Introduction

Due to its flavour, beneficial content, and non-climate character, grape is extensively cultivated
worldwide and is one of the first domesticated fruit crops, grown for thousands of years in the
whole Mediterranean basin, where it has immense cultural, economic and ecological
importance (1-5). Nowadays, grapes are cultivated in many regions thank to their ability to
adapt to a variety of habitats and climates, and to provide higher income to farmers than any
other crop, mainly because of their exceptional derivative product, the wine (6). Indeed, the

main part of collected grape (-58 million tons), is used to produce wine, resulting in around 18-

20% of pomace, 3-5% of stalks and 8-10% of lees, corresponding to approximately 15 million
tons per year of by-products produced (7,8). Alternatively, this crop fruit can be directly
consumed or used in a variety of products such as juice, jam or raisins or even in healthy
products due to the extensive benefits provided by the contained active molecules (9). The
complex phytochemistry of the berry is due to a wide variety of compounds, the most abundant
are water and mineral salts, followed by sugars, polymers, fibers, fatty acids, organic acids,
vitamins, terpenes and polyphenols (10), which may be responsible for the well-known
biological activities, such as antioxidant (11,12), gut-microbiota-regulating (13),
cardioprotective (14,15), antidiabetic (16) and anticancer (17,18). All these beneficial
properties are largely due to polyphenols, considered one of the most interesting class of
compounds contained in grape, which have diverse phenolic structures, and are divided into
two macro-classes, phenolic acids (i.e., hydroxybenzoic and hydroxycinnamic acids) and
flavonoids, which, in turn, are classified as flavones, flavanones, flavanols, isoflavones (19,20).
During the winemaking process, as the primary application of grape, a small portion of these
valuable molecules contained in the berry, passes in wine, while most of them remain in the
by-products (21). The most abundant by-product is pomace, mainly composed of skin, seeds

and, in some cases, stalks, that, due to its high organic content needs to be properly treated



during harvest, to avoid economic and environmental problems (22,23). Lees are another
interesting but problematic by-product formed by the heterogeneous masses deposited after the
fermentation activity of must, which make them especially rich in proteins (24). The high
amount of both pomace and lees produced every year and especially their interesting content
in bioactive molecules stimulated researchers to find new opportunities for the sustainable
valorization of these by-products, proposing several transformation processes and applications
in various fields/industries (food, nutraceutic, cosmeceutic, among others) (25). Due to the high
content of organic matter, several studies have focused on the transformation of grape and
especially its byproducts into mature and biostabilized soils, or soil improvers by composting
or vermicomposting processes (26,27). As well, others have reported the methods used to
generate methane from grape pomace by anaerobic digestion due to its high content in
cellulose, hemicellulose, and lignin percentages, in accordance with the worldwide challenge
to shift to sustainable green energy sources (28-30). Despite of various strategies adopted, the
majority of the performed studies have been focused on the extraction of the phytochemicals,
especially phenolic compounds, from grape pomace and the evaluation of their biological
effects, such as antioxidant, antiaging, anti-inflammatory, anti-microbial and anti-
neurodegenerative (31-35), to be used in pharmaceutical, cosmetic, or dietary products (36,37).
Differently, lees content and applications have been less investigated even if, in the last years
they have received increasing attention for their application in the food sector, since they are a
good source of functional and bioactive compounds (38).

To the best of our knowledge, few studies have reported the comparison between the
composition of the grape berry and its pomace and lees, and on the actual formulation of the
extracted polyphenols in sustainable and scalable products, especially those intended for the
treatment of human disorders. Accordingly, in this review, the main phytochemicals

composition of both grape and the derived biomasses are reported, along with the most



effective extraction methods used to separate polyphenols. Special focus has been devoted to
the studies reporting the development and manufacturing of conventional and/or innovative
products as a function of the proposed administration routes, along with their efficacy and

scalability at industrial level.

2. Health-promoting molecules contained in grape and its byproducts (pomace, lees, skin
and seed)

2.1. Phytochemical composition of grape

The chemical components of the grape berries were not completely reported in previous works
as most of the studies have been performed in a classic targeted approach, frequently evaluating
the specific class of compounds, such as organic acids (malic and tartaric), phenolics, volatile
compounds or polyamines that are commonly considered key elements during the production
of wine (39). In the last few years, more comprehensive studies have been reported, but they
are usually limited to the metabolome analysis of specific grape berries of a single cultivar.
Additionally, Lee and Rennaker underlined that the quantification of many components (more
than 45 compounds) of Pinot noir grape strongly depends on the sample preparation and the
extraction method used (40). Beyond water, the second class of main components of grape
berries are sugars such as glucose, D-fructose, and sucrose, at around 15-20% (41). Other
primary metabolites of grape are proteins, lipids, fibers, followed by macronutrients (i.e.,
potassium, nitrogen, calcium, phosphorus, magnesium, sulfur), and secondary metabolites
(Table 1) (42).

Despite the incomplete understanding of the exact molecular composition of grapes, it is well-
recognized that grape is a rich source of bioactive compounds, particularly polyphenols, which
contribute to a variety of biological activities and health benefits. The polyphenol content
varies significantly depending on the part of the grape and the habitat where it grows. Grape

seeds exhibit the highest total phenolic content (TPC), followed by the skins and pulp.



Remarkably, the total phenolic content in grape seeds is approximately 130 times greater than
that in pulp, measured in terms of gallic acid equivalents per gram of dry weight (43). Advanced
chromatographic-based analysis techniques have identified a total of 78 phenolic compounds
in grape pulp (44). Flavonoids and non-flavonoids constitute the main categories of
polyphenols contained in grapes. Among the flavonoids, flavan-3-ols (flavanols), flavonols,
and anthocyanins are predominant. Flavan-3-ols, which are the richest flavonoids, are mainly
stored in the seeds, with proanthocyanidins being the principal class (45). These compounds
include proanthocyanidin monomers, oligomers, and more complex polymers, with (+)-
catechin, (-)-epicatechin, procyanidin B1, and procyanidin B2 being the most representative
molecules (46). Flavonols, such as quercetin, myricetin, and kaempferol, are significantly
accumulated in grape skins and are also present in the seeds of some grape varieties (47).
Anthocyanins, which are water-soluble pigments, are predominantly found in the skins of
coloured grape varieties like red or purple grapes, while are completely absent or present just
in traces in white grape varieties.

Moreover, phenolic acids and stilbenes are the most representative non-flavonoid polyphenols
contained in grapes. Resveratrol, particularly in its trans-form, is the most important stilbene
and is primarily found in the grape skin, where it acts as a phytoalexin, providing defence
against pathogens and environmental stressors such as fungal infections, injury, and UV
irradiation (48). Grapes also contain a variety of phenolic acids, both in free and conjugated
forms. The most abundant are hydroxybenzoic acids (including 4-hydroxybenzoic, gallic,
protocatechuic, vanillic, and syringic acids) and hydroxycinnamic acids (such as p-coumaric,
caffeic, ferulic, and sinapic acids). Additionally, grapes contain melatonin, well known for its
role in regulating sleep and circadian rhythms. Alongside resveratrol and anthocyanins,

melatonin is nowadays one of the most studied natural compounds.



2.2. Phytochemical composition of grape by-products

After winemaking, the majority of the active molecules remains in the by-products, especially
in the pomace (Table 1) (49). Clearly, water and alcohol soluble molecules such as sugars,
some oligosaccharides, some polyphenols, and mineral salts partially pass to the wine, giving
it not only the flavour, but even its beneficial properties, well known worldwide (50). However,
most of the fibers, proteins, lipids, and polyphenols still remain in the pomace and their final
content depends on several factors such as grape varieties, soil characteristics, geographic
position and winemaking process (51-53). Pomace derived from white wine are usually richer
in sugars and polyphenols than those derived from red wine, which in turn are richer in fibers
due to the maceration process, during which the water-soluble components pass-on to the wine
(54). Indeed, during the white wine making process, the maceration is avoided, thus reducing
the amount of active components passing from the grape to the must. On the contrary, the long
maceration, which take place during the vinification of red grape, improves the diffusion of
more components from grape to must, decreasing the metabolite content of the pomace and
increasing that of the lees (55). Lees contains the largest amount of proteins, the lowest of
tannins and anthocyanins, and an intermediate value of lipids (Table 1). Grape pomace, in
contrast, is valued for its richness in fibers, phenols, and sugars, while grape seeds and skin
have a substantial content of macronutrients. From the functional, beneficial, nutritional and
therapeutic point of view, the most promising molecules contained in grape biomasses are
polyphenols (those reported for grape, section 2.1.), that also have a high economic value (56).
The abundance of health-promoting compounds found in grape pomace, peel, seeds, and lees
emphasizes their value as excellent sources of functional components, contributing to reaching
on one side a closed-loop system and on the other the consumer demand that has definitely

shifted towards more sustainable shopping choices.



Table 1. Summary of the main components found in the grape pomace, skin, lees and seeds as

a function of the related grape varieties, and method of detection. References for each data are

reported as well.

. Grape Methods of
Grape Pomace Grape Skin Grape Lees Grape Seeds Varieties Detection References
Total 1:34 10 23.66 100.1 g/kg to Sl;’vjrlzsngg::e ' RI;(fi-alZ{(fr/rI:/e[tSe;r' (57-59)
Sugars 3910276 glkg gke 4.13+0.63 glkg 725.3 g/kg Alicante Phenol sulfuric
Bouschet acid method
Muscat
48.5+11.5 g/kg to H?Z’};Z};‘ga !/vztzs Soxhlet extractor; (59-62)
Lipids 149.5+0.6 g/kg 140+3 g/kg 92+4 g/kg 121.3+1.7 g/kg ; ' Folch's method;
Bordeaux; LC-MS/MS
Alicante
Bouschet
Cabernet
. 203.2+7.5 g/kg to Sauvignon; HPLC; A.O.A.C (63,64)
Proteins 120 to 130 g/kg 67.6+0.75 g/kg 95+1 glkg 131.4£3.1 g/kg Grenache, method
Syrah
Muscat;
Karaerik
=+ — |
Total 280.6530g/keto | 11149 gk | 40410726 gkg | 20410245 gkg (turkish); LC-MS/MS (65-67)
Phenols 105.2 g/kg Pinot Noir
Pinot noir, Gris
. 0.04 t0 0.24 0.04 t0 0.24 3.98 to 57.34 Grenache; (68-70)
Anthocyanins glkg o/kg 0.05 to 0.07 g/kg glkg Syrah; HPLC
Carignan
Pinot noir, Gris PhlI;) (r:(; ﬁi;ﬁ?;sis
. 2.74103.12 0.75 t0 0.86 157.02 to Grenache; £ ueInoty (68-70)
Tannins K " 0.06 to 0.1 g/kg 45542 @ /k Syrah: Method;
ke ke asEike Ca);' n;m Size Exclusion
‘g chromatography
Cabernet
Sauvignon;
Grenache; (60,61,63,64,
Fibers 360-660 ghkg to | 159 1195 g/kg 20143 gkg 340483 gkg | Syrah Muscat; | A.O.A.C method 71)
544+14.6 g/kg
Hamburg /
Amarone
Galician: EDTA single-step
’ extraction
16.09 to 18.16 Kyg’;(‘)’]’) fed inductively
Macronutrients 27.3 g/kg 469 to 799 g/kg g/kg 422 to 606 g/kg Cabernyet coupled plasma (72-74)
Sauvignon, erission
Chardonnay spectrometer
(ICP-AES)

3. Beneficial properties of polyphenols contained in grape and its byproducts

As reported above, grapes and winemaking by-products are known to be a useful source of

beneficial polyphenols (Figure 1), which in turn display a variety of positive impacts on human

health, including control of oxidative stress and chronic inflammation, delay of aging,

neuroprotective function, protection of cardiovascular system, and decrease of the incidence of




metabolic syndromes and cancer. The wide range of beneficial properties is primarily attributed
to their antioxidant activity, which helps to prevent oxidative stress in the human body. Indeed,
by reducing or even preventing cellular damage, antioxidants can help avert the development
of more serious pathological conditions (19,20,75,76).

Among the various polyphenols contained in both grape and by-products, resveratrol (trans-3,
4, S-trihydroxystilbene) is known for its multitargeting therapeutic potential due to its
antioxidant, anti-inflammatory and anti-microbial properties (77). Different studies have also
confirmed promising antiviral activity of resveratrol, whose efficacy seems to be associated
with the inhibition of viral replication, protein synthesis, gene expression and nucleic acid
synthesis (78-80).

Flavonoids are other important group of polyphenols present in grapes, where, as plant-
specialized metabolites, play a key role in the defence against stress from the environment.
Since their peculiar chemical structure, they exert also important biological function on human
body providing health benefits, including improvement of cardiovascular health and control of
inflammation. Clearly, the total content and type of these flavonoids in grape depends on the
selected variety, cultivar, geopedological-climatic conditions of growing, but one of the most
abundant and always found in both grape and byproducts is quercetin (81). It is a flavonol,
having the basic flavonoid skeleton, (two benzene rings attached to a heterocyclic pyrene), and
differing for the position of the five hydroxyl groups in the structure (82). Its biological
activities are related to 3 functional groups: a catechol group in the second benzene ring; a 2,3-
double bond in conjugation with a 4-oxo function in the pyrene ring; and oxydril group at
positions 3 and 5 in heterocyclic ring (83,84). This special molecule has been largely used as
fundamental component in the traditional Chinese medicine, specialized in the treatment of
nasal and pulmonary disorders (85). Because of its high anti-radical and antioxidant activities,

it exserts multiple beneficial properties, similar to those of resveratrol, such as antioxidant,



anti-inflammatory, anti-bacterial, antiviral and neuroprotective (86-90). Other class of
polyphenols usually present in both grape and by-products is that of anthocyanins, part of
flavonoids that contribute to the colour and are usually most abundant in red varieties (53).
These chemicals, like the others mentioned above, have strong antioxidant and anti-
inflammatory properties, which are both critical for controlling cytokine release in cells,
commonly connected with chronic illnesses and aging (91,92).

Another subgroup of flavonoids usually identified in grape is flavan-3-ols, such as monomeric
catechin and oligomeric or polymeric procyanidins. These chemicals in part pass in wine
providing significant enhancement of its quality and characteristics, molding the aesthetic
appeal, affecting bitterness, and maturity (93,94). They are largely contained in the seeds where
act as natural preservatives, while, in the human body exsert significant biological functions,

especially  antioxidant, antidiabetic, and cardioprotective activities  (95-97).
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Figure 1. Chemical structure of the main polyphenols found in grape and grape byproducts.



Overall, the studies based on the use of polyphenols derived from grape berries, pomace, and
lees highlight their important biological impacts, confirming their possible use in boosting

human health and well-being.

4. Extraction of polyphenols from grape and its by-products

The majority of grapes are either consumed as fresh fruit or utilized in the production of wine,
jam, juice, and raisins, with winemaking representing the largest use of grapes in the food
industry (98). Grape berries have also been used to recover pectic substances, sugars, proteins,
organic acids, carotenoids, chlorophylls, and several polyphenols (99-101). Additionally,
grape by-products, such as grape pomace, seeds, peel and lees, derived from the winemaking
process, have garnered increasing research interest due to their significant potential
applications in the various industrial sectors (food, nutraceutic, cosmetic, textile, among
others). Moreover, their exploitation and transformation into wellbeing products can help
mitigate environmental issues associated with their disposal, reduce resource waste, and
provide significant economic and health benefits. In the case of by-products, since direct use
is not feasible, as it is for grapes, they must be properly processed to recover all the valuable
molecules they contain. The processes used to extract pure molecules or phytocomplexes from
byproducts vary widely, and the choice of a specific method depends on the selected biological
matrix and the type of molecules to be extracted (102). The traditional and easier method used
to isolate these molecules from the vegetable matrices is the solid-liquid extraction by static or
stirring-assisted or ultrasound-assisted maceration, usually performed using water, methanol,
ethanol, glycerol or other organic solvents like hexane, chloroform, benzene, acetone.
Clearly, both the extraction method and the solvent used play a crucial role in terms of
efficiency and safety. Consequently, research has increasingly focused on the use of food-grade
solvents and the selection of scalable, low-energy methods. So that, an accelerated solvent

extraction technique was applied by Rajha et al., to increase the recovery of phenolic molecules



from cv. Cabernet sauvignon grape pomace. The maximum yields were achieved using wet
(16.2 g of gallic acid equivalent/100 g of extract) and dry (7.28 g of gallic acid equivalent/100
g of extract) grape pomace performing the process at 140 °C and using a mixture of ethanol
and water (70:30) (103). Rajha et al., also improved the solid-liquid extraction (48 hours at
66.6 °C) of polyphenols from cv. Syrah grape pomace adding B-cyclodextrins (37.7 mg/mL)
to aqueous extractive solvent, that allowed the extraction of 5.8 mg of gallic acid equivalent/g
of dry extract corresponding to 3146 uM trolox equivalent per milliliter of extract (104).
According to green chemistry and food-grade practices (105—107), Perra et al., have used a
mixture of water and ethanol to extract polyphenols from grape pomace and recovered about
76.5 g of extract for every kilogram of dried pomace (108).

Another method proposed to maximize the extraction performances is the combination of
maceration with ultrasounds, involving the generation of high energy capable of easily and
quickly disrupting cell membranes and walls (109). It is a simple method that could be used
with several solvents, ensuring an improvement in the yield of the extraction and already
applied to recover phenols from grape pomace (110). Goula et al., extracted 9.57 mg of gallic
acid equivalents/g of dry Agiorgitiko grape pomace using a water and ethanol mixture and
additionally applying ultrasounds for only 10 minutes (111). The resulted extraction yield
increases as a function of the temperature used (up to 35 °C), solvent-biomass ratio, amplitude,
and pulse duration. Similarly, De Menezes et al., investigated the extraction of grape cv.
Cabernet sauvignon and Ives seeds oil and discovered that ultrasonic technology allowed to
obtain the maximum oil content (7% to 18% of extract) and the highest content of saturated,
monounsaturated, and polyunsaturated fatty acids (124, 187 and 698 mg per gram of oil) (112).
Microwave-assisted extraction is another advanced method based on the implementation of
extraction by microwaves and its efficiency is linked to the conversion of electromagnetic

energy to thermal energy through increased agitation of water molecules and charged ions



exposed to the microwaves. The damage caused to the tissue and cell membrane led to an
increase in the contact region between the liquid and solid phases (113). Drosou et al.,
performed the extraction of polyphenols by simple maceration or ultrasound- or microwave-
assisted maceration in pure water, water and ethanol (1:1) or only ethanol on cv. Agiorgitico
red grape pomace and confirmed that the microwave treatment was more efficient in
comparison with the others (35).

Physical, electrical, and biochemical impacts of high-voltage electrical discharges were applied
by Rajha et al., to improve the extraction of polyphenols from Grenache blanc vine shoots.
Without any fragmentation and using low particle size (ap=1885.19 cm'), the recovery of
polyphenols was increased using higher energy output, having an improvement of polyphenol
content in the extract by 20 mg/L (114).

Another method to extract polyphenols, that has attracted the attention of food industries,
involves the use of a pulsed electric field capable of increasing the permeability of cells,
inhibiting microorganism growth and improving the recovery of intracellular components and
water from natural sources (115). This method has been used by various authors that have
demonstrated the enhanced recovery of polyphenols from low humidity cv. Dunkelfelder red
grape pomace, coupling the densification with a pretreatment with pulsed electric field, which
can be also used at industrial level, since the solvent volume and extraction duration can be
minimized ensuring in any case a high recovery (12.9%) (115). Moreover, El Darra et al., tested
the impact of pulsed electric field, at moderate or elevated intensities, before and during the
alcohol fermentation of red grape cv. Cabernet sauvignon (E = 0.8 kV/cm & 5 kV/cm). The
application of pulsed electric field during cold maceration (at 0, 2, and 4 days) improved the
content of anthocyanins up to 426.3 mg/L of extract (116).

An additional technique suitable for the recovery of active components can be the pressurized

extraction, which has been used by Perra et al., testing different blends of water and ethanol to



maximize the recovery of phenols from cv. Cannonau grape pomace, and obtained an extract
extremely rich in polyphenols (~2809 pg /g of extract), macerating at high pressure with a
mixture of water (45%) and ethanol (55%) for 22 minutes at 130 °C (117).

The surfactant-based extraction method is another interesting, simple, green and low
dissipative method, which offers a novel and efficient solution for solid-liquid extraction of
polyphenols from various matrices (118). Aqueous surfactant solutions are gaining recognition
as one of the most promising green extraction methods, largely because water is used as the
principal solvent. In a previous study, Brij S20 and poloxamer 407 exhibited a high potential
for polyphenols extraction, with the extraction efficiency in the range of water: ethanol (1:1)
and higher than water and ethanol, individually. Similarly, de Aratjo Padilha found that the
non-ionic surfactant Triton X-114, used for recovering polyphenols from camu-camu
depulping residue via cloud point extraction, proved to be highly effective. The optimal system,
comprising 7 wt% Triton X-114 and 80 wt% extract, achieved a maximum extraction
efficiency of 95.71% at 30 °C, without the need for pH adjustment (119).

Supercritical Fluid Extraction is another intriguing process that is remarkably effective,
environmentally friendly, and adaptable technique for recovering bioactive compounds. The
primary aspect is the utilization of a supercritical fluid, often carbon dioxide, as the solvent. In
a recent study, Pazir et al. were capable of retrieving 36% of the anthocyanins found in the
Merlot red grape within the first 80 minutes of extraction, which is much quicker compared to
that of the standard approach (120).

The newest technology is based on the use of the patented Ired-Irad® infrared device, which
allows to heat the raw material using infra-red radiations (121). This is an environmentally
friendly method, which requires a reduced exposure to radiation, is easy to handle, has low
processing fees and addresses high amounts of active compounds (122). Cai et al., used Ired-

Irad® to improve the extraction of active molecules from grape seeds obtaining higher amounts



of catechin (47.88 mg/g of extract), epicatechin (40.04 mg/g of extract) and procyanidin B2
(12.10 mg/g of extract) than those obtained using microwaves and ultrasound methods (123).
Current studies highlight the preferential use of grape byproducts as a source of polyphenols,
as they are inexpensive and allow to eliminate the need for new resources. However, some of
the proposed methods require more systematic studies to identify the most suitable conditions
for good reproducibility, fewer steps, and minimal equipment. The goal is to find the most
efficient method in terms of energy conservation and environmental impact minimizing

damage of valuable compounds (124,125).

5. Formulation and development of grape-based products for enhanced human health

and a closed-loop system

Given their phytochemical composition, grapes and their by-products can be used as natural
source of active molecules and/or phytocomplexes to produce herbal medicines, food
supplements, fortified foods, nutraceuticals, cosmeceuticals among others (126—128).
However, it is widely acknowledged that for grape bioactives to exert a biological effect, they
must be present in sufficient concentrations in raw or prepared foods and must be both bio
accessible and bioavailable. Bioaccessibility refers to the fraction of these compounds released
from the food matrix during gastrointestinal digestion, while bioavailability refers to the
fraction that reaches systemic circulation in sufficient amounts to elicit a physiological
response (129). Bioavailability can be influenced by the processing methods. For instance,
phenolic compounds are susceptible to oxidation during various processing techniques, have
limited water solubility, and exhibit low bioavailability (130). Studies have shown that
consuming 100% grape juice and whole grapes delivers phenolic compounds to consumers in
a different manner. Bioaccessibility of anthocyanins in grape juice ranges from 86% to 135%,

compared to 14% to 39% in whole grapes. Similarly, bioaccessibility of flavan-3-ols and



phenolic acids is higher in grape juice (48—101% and 39-85%, respectively) than in whole
grapes (0-3% and 9—67%, respectively). Therefore, consuming grapes or their products can
provide beneficial bioaccessibility and bioavailability, initiating a biological response.
However, bioactive compounds such as resveratrol and anthocyanins, which are important in
managing various disorders, exhibit low bioavailability (129). Given the high bioavailability
of grapes and especially of their derived products, particularly juice and wine, many studies
have shifted their focus toward utilizing grape by-products as a primary source of active
compounds. This approach ensures similar effectiveness while being more environmentally
sustainable. In this respect, Luga et Mironeasa, reported that cv. Feteasca regala grape pomace
could potentially be added to wheat pasta, providing nutritional advantages due to their
antioxidants and fibers contents (131), and Acan et al., examined the chocolate spread enriched
with cv. Cabernet sauvignon grape pomace, both demonstrating the high value of grape
byproduct as a cheap and healthy source of valuable functional substances (132). Baldan et al.,
explored the incorporation of cv. Syrah grape pomace powder to gluten-free muffins and
demonstrated that it would improve their nutritional value (133).

Moreover, considering that 100 kg of processed grapes generate approximately 8-10 kg of lees,
depending on the grape variety and the vinification methods applied, they represent the second
largest by-product of the winemaking process (134). They are mud-like biomasses generated
during fermentation and storage of wine and are composed of dead yeast, yeast residues and
insoluble components that precipitate at the bottom of wine vessels and derived directly from
grapes or from the occurrence of different chemical or microbiological changes (135).

Wine lees were previously used to stabilize emulsions due to their promising functional and
interfacial properties (being hydrophilic or hydrophobic). The interfacial characterization was
carried out by means of dilatational and interfacial rheology, whereas the characterization of

emulsion microstructure was assessed by droplet size distribution, rheological characterization



and backscattering measurements. The results of measurement of droplet size and rheological
behaviour of prepared dispersions indicated that high amounts of polyphenols present in grape
lees improve the interfacial behaviour of emulsions (oil/water), reducing the interfacial tension
up to ~15 mN/m and increased the antioxidant power of formulations (136). Moreover, lees
from Japanese grape Black queen were used at increasing concentrations (50, 100 and 150 g
lees/kg ice cream), by Hwang et al., as a value-added ingredient in ice cream to enhance the
rheological and antioxidant properties of final products (137). In particular, the addition of lees
decreased the specific pH, melting rate, firmness, lightness and the amount of freezable water
in ice creams, while increased the viscosity, yellowness and fat destabilization as a function of
the concentration used. The most suitable concentration appeared to be the lowest (50 g lees/kg
ice cream), which ensured a good functionality of the product without any disadvantages in
both overrun and particle size.

As noted above, despite the promising results, the bioavailability of molecules in both grapes
and by-products is significantly influenced by various external and physiological conditions.
To address these challenges, incorporating these molecules into suitable dosage forms, whether
conventional or innovative, could be a promising strategy for various industries, including
food, nutraceutical, cosmeceutical, and pharmaceutical sectors. Dosage forms or micro- and
nano-encapsulation techniques can regulate the release of these molecules during digestion,
enhance their ability to cross the intestinal barrier, prevent oxidation, increase stability, and
overall improve the quality and efficacy of the final products (138), making them suitable for
nutrition, medicine, cosmetics, and agriculture (139,140). Various forms of nano-systems are
being used to deliver both hydrophilic and hydrophobic compounds. They are commonly
known as polymer and lipid-based nanocarriers, including polymeric micro- and nanoparticles,
phospholipid vesicles, nanoemulsions, which are all capable of improving the stability of both

natural compounds and phytocomplexes (141-144).



Overall, the potential of grape nutrients to revolutionize various industries, along with their
promising impacts and health benefits, is emphasized. These nutrients offer numerous
advantages that facilitate their implementation. The following sections will focus on the
utilization of these grape nutrients, especially those derived from grape by-products, to
formulate effective delivery systems (conventional or innovative), suitable for various

administration routes.

5.1. Skin and mucosa administration

The demand for cosmetics and cosmeceuticals with natural ingredients is stronger than ever,
presenting a significant challenge to the global economy and society. By recovering bioactive
compounds from grape by-products, high-value ingredients for cosmetic formulations can be
obtained. Given their composition and the sustainability considerations, several studies have
been focused on the extraction of pure molecules or phytocomplexes, and their uses for the
treatment of skin and mucosa disorders. Gels and creams, particularly oleogels and hydrogels,
are among the most commonly used treatments for topical administration. When enriched with
natural antioxidants, especially grape polyphenols, they can effectively slow the progression
of oxidative stress-related damage, thereby helping to preserve human wellbeing (145). Salem
et al., incorporated grape cv. Marselan seeds extract into a commercial cream, which was
highly stable on storage, and had a strong antioxidant activity (146). In another study, Salem
et al.,, added white grape cv. Obeidi seeds powder into cosmetic scrubs. In vivo tests
demonstrated enhanced stability of the scrubs and detected no irritation during application
(147). Ferreira et al., explored the potential use of extracts and oils derived from grape waste
as antioxidants in cosmetic products as substitutes for synthetic alternatives. The phenolic
compounds in the extracts have increased antioxidant and antibacterial activity, effectively
inhibiting the growth of gram-positive pathogens such as Staphylococcus aureus and

Staphylococcus epidermidis. The evaluation of durability and lipids oxidation revealed that



incorporating grape by-products yielded comparable results to artificially produced
antioxidants. Thus, they could be included into cosmetic products (148), as mentioned
previously by Salem et al. (146).

However, innovative dosage forms are more suitable than conventional ones, as they
effectively address physical, biochemical, and pharmacological requirements while also
enhancing stability. These advancements are particularly important for the preservation of crop
polyphenols. There is currently a wide variety of new active molecules available that further
demonstrate impressive results for topical delivery, especially if they are incorporated into
innovative nano-systems (149). Given that, Manca et al. used ultrasound assisted extraction
method to obtain an extract from Cannonau grape pomace, rich in phenols, and loaded it into
phospholipid vesicles obtained by direct sonication, thus avoiding the use of organic solvents,
to be specifically used for skin delivery. Formulations were highly biocompatible, promoted
keratinocytes and fibroblasts growth, and improved the beneficial effect of the active molecules
contained in the extract, as only when it was incorporated in phospholipid vesicles, was capable
of effectively protecting these cells against damage caused by oxidative stress (150). Similarly,
Perra et al., recovered a valuable phytocomplex rich in catechin, quercetin and gallic acid from
cv. Carignan grape pomace, by macerating them with a hydro-ethanolic mixture, and loaded it
in conventional liposomes and phospholipid vesicles enriched with glycerol or with a
commercial mixture of polyglucosides, as natural surfactants. The loading of the extract in
vesicles improved its capability of protecting fibroblasts from oxidative damages caused by
hydrogen peroxide confirming the importance of formulation, especially if nano, for skin
delivery (151). Castangia et al. compared conventional liposomes and vesicles enriched with
propylene glycol, both loaded with grape pomace extract and stabilized with grape-silver
nanoparticles. This formulation proved to be effective in counteracting infections caused by

several pathogens, including Staphylococcus aureus and Pseudomonas aeruginosa.



Additionally, these systems protected fibroblasts and keratinocytes against oxidative stress,
indicating their potential as suitable formulations for the topical treatment of skin lesions (152).
Supporting these findings, Vitonyte et al. showed that the combination (0.5% w/v each), of
resveratrol and gallic acid, as the main representative molecules contained in grape pomace,
co-loaded into phospholipid vesicles effectively protected fibroblasts and keratinocytes from
oxidative stress and enhanced antimicrobial activity (153). Simonetti et al. formulated
poly(lactic-co-glycolic) acid nanoparticles, small in size (50-150 nm), to improve the
antifungal activity of grape pomace extract against Candida albicans, demonstrating their
ability of effectively reducing biofilm formation and maturation (154). Furthermore, Felippi et
al. demonstrated that the administrations of grape seed oil containing lipid nanoparticles to the
skin, reduced the wrinkle intensity in a better extent than other antioxidants (155). In another
work, grape seed oil was used as one of the oil phase components of nanoemulsions,
specifically tailored for the topical delivery of resveratrol, and Tween 80 was selected as
surfactant. The formulation was capable of fostering the stability of resveratrol under UV-light
exposure, retaining 88% of the active molecules in comparison with the 50% retained using
dimethylsulphoxide (DMSO) (156).

The general findings emphasize that ad hoc formulating extracts or chemicals derived from
grape by-products for skin and mucosal applications significantly enhances their beneficial
effects. This approach adds value, simplifies application, and improves efficacy, making these

formulations effective cosmeceutical ingredients and/or additives.

5.2. Oral administration

The unique combination of grape polyphenols, including flavonoids, anthocyanins,
proanthocyanidins, and stilbenes, makes grapes and especially its byproducts, a promising
source of active molecules for the development of novel nutraceutical products. In recent years,

a wide range of food additives and nutritional products derived from grapes have been



introduced to the global market. Most of them are obtained from the processing of pomace
during wine or grape juice production. These include various grape skin and seed extracts,
grape skin powder, dry seed powder (available in capsules or bulk), pomace powder, and
anthocyanin colorants (157). However, variable results in terms of bioavailability have been
detected upon oral administration of both grape and derived products. This variability can be
attributed to several factors including sources of molecules and/or phytocomplexes, specific
chemical properties, type of food matrix, dosage, individual variations and analytical
methodologies (158,159). As reported for skin and mucosa formulations, phytochemicals
isolated from waste streams are susceptible to chemical degradation when exposed to
environmental stresses, as well as during passage through the human gut (160,161). Recent
advancements have led to the development of enriched foods, dietary supplements and
additives based on grape and its byproducts, that may improve their nutritional profile
(162,163). The high amount of dietary fibers contained in grape pomace further improve its
value, as the interest in them is increasing due to the relatively low energy content and the
notable influence on gut health (164). Additionally, dietary fibers from grapes are notable for
their high antioxidant potential, distinguishing them from common fibers. These fibers show
promise in the prevention and treatment of diseases such as gut dysbiosis, ulcerative colitis,
and hyperglycemia (165,166). Hogan et al., assessed in vitro and in vivo antioxidant and anti-
postprandial hyperglycemic effect of an extract obtained, via ethanol-water extraction, from
red (Cabernet Franc) and white (Chardonnay) grape pomace, and orally administered after its
transformation into powder. It was found that pomace extract (400 mg/kg mouse body weight)
effectively reduced postprandial hyperglycemia in streptozocin-induced diabetic mice by 35%
(167). Kandylis et al., added grape pomace powder into dietary foods (i.e., yogurt, cheese,
milk) to enrich the products with antioxidant polyphenols, usually absent in dairy products

(168). Tuga et al., reviewed the impacts of chemical components from grape byproducts on the



nutritional, functional, rheological, textural, physical, and sensory attributes of baked goods
and pasta and stated that their incorporation (i.e., pomace, seeds, peels) enhances these
characteristics and increases the content of fibers, minerals, and phenols (169). Theagarajan et
al., used red grape cv. Muscat pomace powder to prepare functional cookies, which had
increased antioxidant potential, and improved preservability with an extended shelf life (170).
Other than conventional formulations, nanotechnological systems have attracted the interest of
the scientific community thanks to their advanced performances. Indeed, nano-delivery
systems offer the possibility to be specifically engineered with various compositions, shapes,
sizes, and charges, allowing their functionality to be tailored for specific applications. Perra et
al., obtained an extract from pomace of red grape cv. Cannonau and loaded it into innovative
phospholipid vesicles improved with gelatin and Nutriose, designed to provide intestinal
protection. Vesicles ensured effective protection of intestinal cells (Caco-2) against oxidative
stress and simultaneously promoted the biofilm formation by probiotic bacteria (171). Parekh
et al., loaded the extract of Nasco grape pomace in nutriosomes, special phospholipid vesicles
formulated with a dextrin and tailored for oral administration of natural antioxidants. Their
neuroprotective effect upon oral administration, was explored in an animal model in which
Parkinson disease was induced using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
and compared with that provided by the extract in solution. The extract of Nasco pomace, only
when loaded in nutriosomes effectively prevented the reduction of tyrosine hydroxylase (TH)
and dopamine transporter (DAT), along with the reduction in the number of TH-positive cells.
The data support the potentially beneficial effects of Nasco pomace extract loaded in
nutriosomes as an adjuvant therapy of Parkinson's disease (172). In another study, nutriosomes
containing cv. Cannonau grape pomace extract have been tested for the protection of the
intestinal tract. Formulations further confirmed their high biocompatibility and effectiveness

against oxidative stress shielding Caco-2 cells. In vivo findings emphasized that the vesicular



formulations did not impact the composition of mouse microbiota (173). Castangia et al., used
cv. Carignano grape pomace powder in gelatin-liposomes and nutriosomes formulations to
enrich yogurts and make them suitable against gastro-intestinal disorders. The obtained
vesicles protected Caco-2 cells against oxidative stress, suggesting their suitability as a new
approach for the development of health-conscious enriched food (174). Manconi et al.
successfully incorporated grape pomace extract (4% or 5% w/v) into small-sized liposomes
based on sodium alginate (SA) or arabic gum (AG), achieving good encapsulation efficiency
and enhancing its potential in the nutraceutical industry (175).

Overall, the results highlight that formulating extracts or chemical compounds derived from
grapes and their byproducts into oral dosage forms, either conventional or innovative,
significantly enhances their beneficial effects. Using nanoformulation technology is an
emerging strategy to enhance or reinvent traditional ingredients, adding value, facilitating their

use, and improving both their nutritional efficacy and consumer acceptance.

5.3. Pulmonary and Nasal administration

As previously mentioned, the high instability and low oral bioavailability of grape derived
active molecules, have often limited the translation of their in vitro activities to in vivo effects.
Although oral administration of these bioactives, particularly when delivered using appropriate
dosage forms, may slow down, prevent, or even inhibit various local or systemic diseases, they
have frequently failed to protect mice from chemically induced diseases. Therefore, alternative
administration routes must be considered to enhance the beneficial properties of these
molecules both in vitro and in vivo. In this regard, a drug delivery method that allows direct
administration through inhalation using a specialized device may represent an effective strategy
for meeting the needs of most patients. The unique physiological structures of the nose and

lungs can reduce metabolism after drug absorption and enable direct entry into the bloodstream,



thereby bypassing the first-pass effect that normally take place in the liver (176,177). Recent
research found grape seeds polyphenols to be effective at inhibiting the proliferation of
respiratory syncytial infections in human airway epithelial cells at concentrations of 5-10
pg/mL of extract (178). Mahmoud Y., explored the impact of grape seeds extract on lung
parenchyma histopathology and irritation in an ovalbumin induced mouse asthmatic model.
The findings imply the use of the extract as a secure and reliable anti-inflammatory additive to
reduce the severity of asthma (179). Zhou et al., evaluated the influence of grape extract on
inflammatory diseases and restructuring in a chronic asthmatic model. The extract inhibited
inflammation of the airways and modification in a mouse model of long-lasting asthma,
suggesting that it might be used to treat asthma (180).

However, to achieve optimal effects, the use of micro- and nano-delivery systems is often
necessary especially to successfully overcome mucosal barriers. Hence, phenolics
administration requires the development of a complete protective system capable of preserving
the structural stability of the polyphenols before application or delivery, thereby increasing
their water absorption and bioavailability.

Chang et al., demonstrated that in NCI-H292 cells (human airway epithelial cells), dietary
polyphenols (e.g., red wine extract) reduce MUCS5AC gene expression, where high expression
contributes to chronic rhinosinusitis, as well as their influence on beat frequency of human
nasal mucosa. They found that gingerol, quercetin and epigallocatechin gallate might be used
as anti-hypersecretory drugs due to their effectiveness in decreasing mucus production of
respiratory epithelial cells while preserving regular nasal ciliary activity (181).

Trapani et al., discovered that the integration of grape seed proanthocyanidins with solid lipid
nanoparticles and dopamine, not only improves the mucoadhesive performance, but also forms
hydrogen bonding connections with mucin macromolecules, efficaciously inhibiting dopamine

autoxidation. These discoveries make them intriguing prospects for harmless nose-to-brain



transfer, promising breakthroughs for targeted medication administration, and neurological
therapy (182). In a pharmacological context, Masiero et al., highlighted the incorporation of
plant-based oils in the development of lipid nanoparticles as an emerging tool for addressing a
variety of diseases. For example, nano emulsion using palm oil as lipid phase exhibited
significant promise towards pulmonary administration in the treatment of lung cancer (183).
Trapani et al., encapsulated grape seeds extract into lipid nanoparticles tailored for nasal
administration. Outcomes indicated improved nasal mucosa permeation and cell uptake (184).
Despite the limited number of studies conducted on this route of administration, inhalation
represents a promising strategy, leveraging the unique physiological structures of the nose and
lungs to reduce metabolism after drug absorption and enable direct entry into the bloodstream,
thereby bypassing the first-pass effect in the liver. Consequently, pulmonary and nasal

administration emerges as a valid alternative to the more conventional oral route.
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6. Scaling Up from Laboratory to Industry: Suitability, Sustainability and Limitations

The utilization of grape pomace in various applications has yielded promising results. Winery
by-products are rich sources of phytochemicals, which may act as antioxidants and health-
promoting agents in the cosmetic and food industries, as well as in food supplements and
pharmaceuticals. To ensure the safety of these phytochemicals in pharmaceutical and cosmetic
products, companies must thoroughly assess potential toxicity and be aware of any adverse
side effects before incorporating them into formulations. While animal model tests have shown
grape seed extract to be safe, it can exhibit pro-oxidant effects depending on dosage, duration
of administration, and other dietary components (185,186), continued research is necessary to
provide robust evidence of the efficacy and safety of phenolic herbal remedies as alternative or
complementary therapies for certain diseases.

From an environmental perspective, consumers, food sectors, and stakeholders are increasingly
shifting towards sustainable wine production practices, emphasizing green technologies. The
quantity and specific profile of bioactive compounds in winemaking residues vary significantly
depending on the type of residue (187). Research should focus on the structural elucidation of
novel bioactive compounds derived from vinification residues, such as grape stems and lees.
Identifying specific polyphenols in different winery wastes has led to the development of more
extensive valorisation options, underscoring the need for further research in this area.
Implementing efficient procedures for integrating these products using time-saving
technologies can lead to successful phytochemicals recovery and innovative products,
ultimately reducing the environmental impact of winery by-products. Bioactive compound
extraction involves complex mechanisms and can be achieved through various techniques.
Green technologies, which replace conventional methods, can increase extraction yields,
reduce processing time, and minimize environmental damage caused by toxic solvents. While

novel extraction processes are often complex and costly, they hold significant potential.



Comparative studies of conventional solvent extraction (SLE) and emerging technologies such
as supercritical fluid extraction (SFE) and accelerated solvent extraction (ASE) have shown
that the latter can achieve similar or better recoveries. However, pilot-scale studies are
necessary to determine the optimal technique based on cost-effectiveness for producing
commercially viable extracts. Additionally, modelling these extraction processes can enhance
understanding and optimization of extraction conditions, facilitating scale-up.

Despite advancements, considerable progress is still needed before all winery residues are
effectively recovered, making winemaking a more sustainable activity that reduces costs and
environmental impact. A holistic approach to the wine waste chain is essential, focusing on
optimizing extraction methods for pilot-scale applications. The future of sustainable separation
for agro-industrial waste recovery is promising, as it increasingly integrates various sectors
towards more efficient and circular systems.

Moreover, the correct exploitation of these by-products using nanomaterials is rapidly
expanding among various industrial sectors, establishing them as next-generation resources
with numerous potential applications (188,189). Nanocarriers have proven to be effective for
delivering a variety of poorly bioavailable molecules. Furthermore, they possess unique
characteristics such as low toxicity, cost-effective scale-up manufacturing, adequate
biocompatibility, and high drug incorporation efficiency (190). However, transitioning these
nanocarriers from laboratory to industrial scale still presents several challenges.

Ensuring control over the structural features, dimensions, composition, benefits, and
physiological properties of nanocarriers from laboratory testing to industrial production is
crucial. Additionally, factors such as cost, toxicity, and environmental impact must be
considered (190). The progress in nanocarriers relies on technological breakthroughs that
enable sustainable methods compliant with Good Manufacturing Practices (GMP) quality

requirements. This ensures the reliability of approaches and final products by maintaining



adequate guidelines throughout every process (191). The expansion of nanotechnology in
healthcare includes ensuring the final systems along with each component are recognized as
safe (GRAS), non-toxic, and capable of in vivo biological degradation (192). Prior the selection
of solvents and components for generating small particles, considerations regarding financial
implications and product acceptability by specialists and patients must be addressed. Beneficial
features of nanocarriers may be impacted when scaling up from laboratory methods. For
instance, experiments on emulsion-based approaches found that increasing stirring duration
and rotor speed reduced particle diameter while maintaining entrapment efficiency (193).
Scaling up production requires validation by relevant organizations and must be cost-effective.
To ensure product competence and durability while addressing toxicology variables,
adjustments to industrial manufacturing techniques are necessary (194). Despite the
development of commercial formulations based on nanocarriers, their application in
medical/beneficial settings often faces challenges such as cross-contamination, lack of
uniformity, and the complexity of scaling up production (195). To address these issues,
innovations like AKVANO® technology, DepoFoam® technology, and lipid multiparticulate
systems provide promising solutions. These approaches offer minimal solvent waste, cost-
effectiveness, diversity, and adaptability, making them valuable resources for the
pharmaceutical, cosmeceutical, and food industries. However, once efficacy is achieved in the
laboratory, scientists must focus on large-scale manufacturing. Effective experimental methods

may offer solutions to the challenges associated with expanding nanocarrier production (196).

7. Conclusions

This overview highlights that while the complete chemical composition of grapes and their
byproducts is not fully understood yet, extensive research has been conducted. The
identification and quantification of recovered phenolics after extraction are significantly

influenced by the grape cultivar, as well as environmental and geographic growth conditions.



Grapes and their byproducts are valuable sources of various molecules with a wide range of
beneficial properties. These molecules can be used collectively as phytocomplexes to achieve
synergistic effects or as individual compounds, with resveratrol, quercetin, apigenin being the
most promising due to their multitarget beneficial properties. Furthermore, nano-formulation
significantly enhances their efficacy, proving to be a suitable strategy for improving their
pharmacokinetics.

Despite their promising properties, some important limitations have still to be overcome.
First, extensive studies are required to establish robust and scalable methods for stabilizing
grape by-products immediately after their recovery. This would ensure the availability of high-
quality raw materials year-round, rather than being limited to the short harvest period.
Additionally, improving the standardization and certification of phytocomplexes extracted
from grape by-products is crucial. Currently, the main barrier to their effective exploitation is
the difficulty in obtaining GMP-certified extracts, which hinders their application in final
consumer products. Ensuring that these extracts meet strict quality standards will significantly
increase the interest of companies in the food, health, and cosmetic sectors, promoting their
use in enriching food products or in producing health-promoting additives.

Furthermore, the reproducibility of the extraction and synthesis processes must be optimized
to allow for large-scale production. The transition from pilot studies to industrial applications
remains a significant hurdle. Without reliable, scalable methods, these innovative
nanoformulations cannot reach broader markets.

Lastly, while nanotechnology-based formulations hold immense promise, the lack of extensive
clinical trial data means further research is needed to validate their safety and efficacy. Well-
designed clinical trials will be essential for gaining regulatory approval and consumer trust,
paving the way for these products to be successfully integrated into health and wellness

industries.



In conclusion, overcoming these technical, regulatory, and logistical barriers is essential for
transforming grape by-products into sustainable, high-value products that can benefit both

industry and consumers.
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