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Trans-Resveratrol is a key phenolic compound with known health benefits but suffers from low bioavailability
and instability. Its encapsulation is challenging due to its polarity. In this study, trans-resveratrol was isolated,
purified, and structurally characterized from grape pomace, a wine industry by-product, using LC-MS/MS, HPLC-
PDA, and 'H NMR. To improve its stability and solubility, nanoencapsulation was carried out with lecithin via
lyophilization. The resulting nanoparticles had sizes below 160 nm, a PDI under 0.5, and high colloidal stability

as shown by zeta potential analysis. In vitro release tests in simulated gastric and intestinal fluids revealed
enhanced release for the lecithin-encapsulated formulation, achieving up to 80 % in intestinal conditions, unlike
free trans-resveratrol. These findings suggest that grape pomace is a valuable source of bioactive compounds and
that lecithin-based nanoencapsulation offers a promising strategy to enhance the delivery and bioavailability of

trans-resveratrol.

1. Introduction

The rapid growth of the world’s population and the impact of
industrialization have made the management and utilization of factory
waste one of today’s most critical environmental and resource man-
agement issues. Therefore, the effectiveness of waste management and
recycling processes has become increasingly important. Factory waste,
especially in the food industry, can lead to various environmental
problems and result in the loss of valuable resources. Numerous studies
have been conducted to eliminate these issues and to evaluate these
valuable components. Food waste contains components with high
nutritional value, and their loss leads to both economic and environ-
mental negative outcomes. Proper processing and utilization of these
wastes have become inevitable in this regard. Additionally, in recent
years, there has been increasing interest in phenolic compounds derived
from fruits due to their bioactive roles. Grapes are among the most
widely cultivated fruits in the world (Ozdiiven et al., 2005). Grapes are
processed in wineries and juice factories, resulting in grape pomace as a
by-product. Grape pomace, consisting mainly of skin and seeds, contains
highly valuable components, particularly resveratrol. However, its
improper disposal contributes to environmental pollution. The increase
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E-mail address: pinarkaragul@duzce.edu.tr (P. Karagiil).
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in environmental pollution has become a significant global issue
threatening ecosystems and human health (Monier et al., 2010). To
prevent environmental pollution and effectively utilize waste, various
strategies have been developed and implemented.

Grapes, a product of the Vitaceae family and Vitis genus, are known
for their greenish-yellow or purple-black fruits, and are cultivated in
various forms such as vines and shrubs. Grapes are among the most
widely grown fruits globally, with over 7 million hectares dedicated to
cultivation (Alston & Sambucci, 2019). There are over 15,000 varieties
of grapes, and in Turkey, table and wine grapes are cultivated in almost
every region (Stimbiil, 2022, Sevindik et al., 2017). Approximately 71 %
of grape production is used for wine, 27 % for table grapes, and 2 % for
dried fruits (Keskin et al., 2017; TIM - Tiirkiye Ihracatgilar Meclisi, 2025).
In this context, the amount of grape pomace, discarded as waste, is
significant. Processed grape pomace typically consists of 50 % skins, 25
% seeds, and 25 % stems (Teixeira et al., 2014). If not properly utilized,
this waste can contribute to significant environmental pollution. Grape
pomace, rich in polyphenols, contains highly valuable compounds.
Generally, it consists of anthocyanins, catechins, flavanol glycosides,
phenolic acids, and alcohols, with stilbenes as the primary components.
Research has focused on examining the polyphenol content in grape
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seeds, skins, and stems. Red grape skin extract, for example, is richer in
phenolic content and resveratrol than the seeds (Negro et al., 2003).
Similar findings have been observed when comparing white grapes
(Martin-Carron et al., 2000). Additionally, grape skin extracts have
shown higher antioxidant activity compared to other parts (Shaker,
2006). The health benefits of these polyphenolic compounds have been
well-established through numerous studies (Keskin et al., 2009). In
recent years, especially due to the impact of the pandemic, there has
been an increased interest in polyphenolic compounds derived from
natural sources. Many studies have demonstrated their therapeutic po-
tential for various diseases, highlighting fewer side effects compared to
conventional chemical drugs. Polyphenolic compounds, the largest
family within the plant kingdom, host a variety of beneficial com-
pounds, including trans-resveratrol.

Resveratrol (trans-3,4',5-trihydroxystilbene) is a phenolic compound
with the chemical formula C;4H;203 (Wenzel et al., 2005). It is naturally
found in many plants, with a high concentration in red grapes. Partic-
ularly abundant in grape skins, resveratrol is a secondary metabolite
synthesized for defensive purposes, protecting the plant against fungal
infections. This molecule contains a stilbene core, comprising two
phenyl rings and four carbon-carbon double bonds (C=C). On each side
of the stilbene core, hydroxyl (-OH) groups are present. Resveratrol has
low water solubility, with trans and cis isomers existing. Trans-Resver-
atrol contains more bioactive compounds than cis-resveratrol. Being
sensitive to UV light, heat, and light, trans-resveratrol undergoes isom-
erization to cis-isomer upon exposure (Fig. 1).

The health benefits of resveratrol, a stilbene compound, have been
demonstrated through numerous studies (Creasy and Creasy, 1998) (See
Fig. 2).

The potential health benefits of resveratrol were highlighted in a
study published by French scientists in 1992. In this research, it was
suggested that resveratrol could have a protective effect against car-
diovascular diseases (Siemann and Creasy, 1992, Soleas, Goldberg,
et al.,, 1997). A significant study demonstrated that trans-resveratrol
inhibits LDL oxidation, reducing the risk of atherosclerosis. Addition-
ally, other studies have shown that trans-resveratrol can lower blood
pressure and prevent blood clotting, supporting its role as a critical
compound in cardiovascular health (Liu et al., 2017).

The cardioprotective effects of resveratrol are primarily associated
with the suppression of oxidative stress, the reduction of inflammatory
processes, and its beneficial impact on various cardiovascular risk fac-
tors (Gal et al., 2021). In a recent experimental study conducted in 2020,
resveratrol administered at a dose of 20 mg/kg for 10 weeks was re-
ported to have beneficial effects on cholesterol levels in diabetic rats
(Szkudelska et al., 2020). These findings support the consideration of
trans-resveratrol as a critical compound in the maintenance of cardio-
vascular health. Some studies have shown that resveratrol administra-
tion leads to an increase in serum and bone alkaline phosphatase levels;
however, it does not cause significant changes in serum calcium,
osteocalcin (a specific biomarker indicating bone turnover), or pro-
collagen levels.

In a clinical study conducted on individuals with type 2 diabetes and
at risk of fractures, a daily supplementation of 500 mg resveratrol

OH
HO
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HO NN
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Fig. 1. Trans and cis resveratrol isomerization.
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resulted in a smaller decrease in bone mineral density (Bo et al., 2018;
Scarano et al., 2019). The antiviral effect of resveratrol has been re-
ported to be associated with the activation of SIRT-1 pathways, which
enhance cellular resistance against viruses (Coté et al., 2015). Studies
conducted on COVID-19 have revealed that resveratrol has the potential
to inhibit the entry and replication of the virus in host cells(Inchingolo
et al., 2021a; Inchingolo et al., 2021b; Yang et al., 2020). Numerous
experimental studies have demonstrated that resveratrol exhibits
immunomodulatory effects on the immune system and supports immune
functions. Resveratrol modulates both innate and adaptive immune re-
sponses by interacting with various cellular targets (Alesci et al., 2022;
Avila-Gélvez et al., 2021). In recent years, research has indicated that
resveratrol slows and even kills the growth of cancer cells (Ren et al.,
2021).

Some studies suggest that resveratrol may have potential in pre-
venting certain types of cancer, such as prostate, breast, and colon
cancer (Chen et al., 2006). As an antioxidant polyphenol, resveratrol
exhibits a wide spectrum of effects in the fields of medicine and phar-
maceuticals. Understanding the positive effects of resveratrol has led to
increased production of herbal extracts and dietary supplements con-
taining this valuable compound. Although resveratrol has many bene-
ficial properties, it also has some disadvantages. These include its
unstable structure, sensitivity to oxidation, and degradation due to
environmental factors such as heat and light. Additionally, it has low
bioavailability, which affects its stability and effectiveness, limiting its
industrial and pharmaceutical applications and usage. To overcome
these limitations and increase its bioavailability, various mechanisms
have been developed. Several studies have shown that resveratrol, when
taken orally, is not sufficiently absorbed by the digestive system and is
rapidly metabolized by the liver. Previous research revealed that
resveratrol, used solely as a pure substance (trans-resveratrol), has low
bioavailability values (Wenzel and Somoza, 2005).

Resveratrol is a bioactive compound with limited bioavailability due
to its low water solubility, susceptibility to photodegradation, and rapid
metabolism. Therefore, in recent years, various delivery systems have
been developed to enhance the stability, absorption, and overall
bioavailability of resveratrol. Notably, significant progress has been
made in this field over the last decade (Dikmetas et al., 2024). Among
the most commonly employed encapsulation strategies for improving
resveratrol delivery are spray-drying techniques (Consoli et al.), incor-
poration into liposomal structures (Gu et al., 2023), emulsion-based
delivery systems (Fan et al., 2023), and nanocapsule technologies
(Aghaz et al., 2021).

In studies focusing on spray-drying, Consoli et al., 2019) encapsu-
lated resveratrol using Maillard conjugates and sunflower oil-based
emulsions, demonstrating that Maillard conjugates provided high
retention rates (80-100 %) and encapsulation efficiencies of up to 97 %.
Subsequent studies by the same group (Consoli et al., 2020, 2023)
compared different emulsification techniques, identifying the batch
membrane emulsification method as the most effective in terms of both
retention and encapsulation efficiency (97 %).

Cardoso et al. (2019) investigated systems incorporating gum arabic
as the wall material, characterizing the resulting microparticles and
evaluating their controlled release behavior using mathematical models
such as Weibull and Korsmeyer-Peppas. The highest encapsulation ef-
ficiency recorded in this study was 87 %.

In our study, we utilized liposomes, which are known to be
biocompatible due to their structural similarity to cell membranes, and
are capable of encapsulating both hydrophilic and lipophilic compounds
while exhibiting low toxicity (Alrashidi et al., 2024). Research has
shown that resveratrol-loaded liposomes can enhance cell proliferation,
protect cells from UV-induced damage, and improve cellular stress re-
sponses (Plachta et al., 2024). Furthermore, liposomal formulations
have been reported to significantly increase the uptake of resveratrol by
hepatocellular carcinoma cells, thereby improving its therapeutic effi-
cacy in liver cancer treatment (Jagwani et al., 2020).
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Fig. 2. Health effects of trans-resveratrol.

In a recent study on the development of resveratrol-loaded nano-
liposomes, Liu et al. (2023) employed a combination of thin-film hy-
dration and ultrasonication techniques, achieving structurally stable
nanoliposomes with a high encapsulation efficiency of approximately
86.78 %. These nanoliposomes were comprehensively characterized in
terms of in vitro release profile, antioxidant capacity, and cytotoxic ef-
fects. Compared to free resveratrol, the encapsulated form exhibited
enhanced antioxidant activity and reduced cytotoxicity. The high
encapsulation efficiency, controlled release profile, and biocompatible
nature of these resveratrol-loaded nanoliposomes suggest that the
developed delivery system holds promising potential for applications in
both the food and pharmaceutical industries (Dikmetas et al., 2024).

In studies on bioavailability, Walle et al. examined the absorption
and bioavailability of orally administered resveratrol. The results
showed that the absorption rate of oral resveratrol was 75 %, but its
bioavailability rate was less than 1 %, suggesting that higher doses
might be necessary to achieve effective results, and alternative appli-
cation methods should be explored (Walle, 2011). Another study
investigated the effect of glycyrrhizic acid on resveratrol’s oral
bioavailability, finding that glycyrrhizic acid significantly increased
resveratrol’s bioavailability. Most studies on resveratrol bioavailability
have explored whether bioavailability can be enhanced through
different drug forms, formulations, or encapsulation methods. In our
study, lecithin was used as an encapsulation agent due to its structural
similarity to cell membranes and its natural presence in various sources.
Lecithin, also known as phosphatidylcholine, typically consists of a
mixture of glycolipids, triglycerides, and phospholipids. Lecithin is a
phospholipid compound composed of a glycerol molecule, two fatty
acids, a phosphate group, and a choline group. It naturally occurs in egg
yolks, soybeans, sunflower seeds, and some other plants and is also used
in processed foods and supplements. Lecithin plays a significant role as
an encapsulation agent because of its emulsifying properties, making it
effective in various formulations. Lecithin serves as an important
component in encapsulation applications, providing oxidation stability,
emulsion capacity, soft capsules, bioavailability enhancement, and
various uses in food supplements.

This study was designed to investigate the purification of resveratrol
from grape pomace, a factory waste, and the encapsulation of purified
resveratrol with lecithin. The goal is to prevent the high-value product,
resveratrol, from being wasted as a byproduct of wine and juice fac-
tories, promoting its value-added utilization. Additionally, encapsula-
tion of resveratrol with lecithin aims to improve its stability and increase
its bioavailability, which is typically low due to its instability and low
solubility in water. In this context, the extraction and purification steps
of resveratrol from grape pomace obtained from wineries and juice

factories were optimized using a newly developed HPLC-PDA (High-
performance Liquid Chromatography) procedure. Structural analysis of
the obtained trans-resveratrol was carried out using LC-MS/MS, HPLC-
PDA, and H-NMR analyses. Following encapsulation, in vitro gastroin-
testinal release tests were conducted, with controlled release behavior
assessed using high-performance liquid chromatography with Photo-
diode Array Detector (HPLC-PDA). These controlled release profiles
helped explain the behavior of resveratrol encapsulated with lecithin,
focusing on improving its stability and bioavailability.

2. Materials and methods
2.1. Plant materials

For the study, grape pomace was collected through collaboration
with wineries. Research was conducted using three types of grape
pomace from wineries in Kirklareli, Manisa, and Ankara regions. The
collection of waste products began in August 2020 through the winery.
The pomace was processed to remove impurities, discard spoiled skins,
and clean using water to eliminate dust, achieving a moisture level of
<5 %. The processed pomace was then ground into a powder with a
particle size of 40-60 mesh using a Vita-prep™ blender.

2.2. Chemicals and devices

LC-MS/MS8030 Plus, H-NMR JEOL ECZ500R (11.75 Tesla), FEI
Quanta FEG 250 SEM, Ultrapure Water (Thermo Scientific), Ultrasonic
Bath (Intersonik min-12), HPLC-PDA (Shimadzu LC20), Magnetic Stirrer
(Termal), >99.8 % Ethanol (Sigma Aldirch, HPLC Grade),C;3 Column
(250mmx4,6X5pm, NANOLOGICA SVEA), 85 % ortho-phosphoric acid
(ISOLAB),>99.9 % Acetonitrile (ISOLAB),>99.9 % Methanol (ISOLAB),
Ethyl alcohol (Merck 100,983), Formic acid (Sigma Aldrich 251,364),
trans-Resveratrol >99.9 % (Merck 501-36-0), Lecithin (Alfasol), Hy-
drochloric acid (Merck 100,317), Sodium hydroxide (106498), Ethyl
Acetate (Merck 100,868), NaCl (Merck 106,404). In this study, all re-
agents were of analytical quality, and ultra-pure water was used for the
preparation of all solutions.

2.3. Extraction processes

2.3.1. Classical solvent extraction

The classical solvent extraction method is a useful and standardized
approach for trans-resveratrol extraction (Craciun & Gutt, 2023). In
classical solvent extraction, independent variables such as solvent type
(ethanol, methanol, distilled water, MeOH-NH4OH) (Creasy & Coffee,
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1988) and concentration (50 %, 80 %, 100 %), temperature (30, 60, 70,
80 °C), and extraction time (30 min, 1 h, 3 h, 24 h) (Pezet et al., 2003)
were determined. During the extraction method determination, experi-
ments listed in Table 1 were performed. Ten grams of powdered grape
pomace were extracted with 100 mL of solvent using a magnetic stirrer.
The extract was filtered and evaporated to dryness in a rotary evaporator
at room temperature. Dissolved in ethanol, filtered through a 0.45 pm
PTEFE filter, and stored in vials. Until analysis, it was stored at —20 °C.
Extraction yield was calculated by dividing the mass of the recovered
dry extract (mr) by the initial mass of the grape pomace powder (mi)
(Eq. (1)), and the resveratrol content was determined using HPLC-PDA.

%Yield = mi ~ mr x 100 (€8]

2.3.2. Acidic medium extraction

Acidic medium extraction was applied before ethanol extraction to
remove unwanted anthocyanin molecules from the solution. Ten grams
of powdered grape pomace were mixed with 100 mL of distilled water
containing 1 % hydrochloric acid at 25 °C for 3 h. Then, the mixture was
filtered using Whatman filter paper to separate the solution, and the
solid residue was extracted with 100 mL of ethanol. The extract was
filtered and evaporated to dryness in a rotary evaporator. The solid
residue was dissolved in ethanol, filtered through a 0.45 pm PTFE filter,
and stored in vials. Until analysis, it was stored at —20 °C. Extraction
yields were calculated using Eq. (1), and resveratrol content was
determined using HPLC-PDA.

2.3.3. Reflux ethanol extraction

10 g of powdered grape pomace were precisely weighed and trans-
ferred into a flask with 100 mL of ethanol solvent. Extraction was carried
out under a reflux condenser for 2 h (Huiying and Zhan, 2016). After-
ward, filtration was performed to separate the solid residue. The ob-
tained extract was evaporated to dryness using a rotary evaporator, and
the solid residue was dissolved in ethanol, filtered through a 0.45 pm
PTEFE filter, and stored in vials. Until analysis, it was stored at —20 °C.
Extraction yields were calculated using Eq. (1), and resveratrol content
was determined using HPLC-PDA.

2.3.4. Ultrasonic assisted extraction

A solvent extraction system supported by ultrasonication was
designed to operate at both room temperature and 60 °C. A solvent
mixture of 80:20 (V/V) ethanol/water solution was used, with a dura-
tion of 30 min and a sample-to-solvent ratio of 1/10 (Romero-Pérez
et al., 2000; Yong-Jin, 2006). After extraction, filtration was performed
to separate the solid residue, and the obtained extract was evaporated to
dryness. The remaining solid was dissolved in ethanol, filtered through a

Table 1
Extraction experiments.
Grape Extraction Extraction Extraction Liquid /solid
Pulp Solvent (V/V) Time (min) Temperature ratio
(Gram) Q)] (valume/
mass, mL/g)
1:5; 1:10;
10 Ethanol 180 30 1:15; 1:20
10 Ethanol 50 % 180 30,70 1:10
10 Ethanol 80 % 180 30 1:10
10 Ethanol 80 % 30 min 60 1:10
10 Ethanol 95 % 1 70 1:10
10 Ethanol 100 % 1 80 1:10
10 Methanol 80 % 1 30 1:10
10 pure water 100 % 12 30 1:10
99,5/ 0,5
10 (Methanol- 24 30 1:10
Ammonium
hydroxide)
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0.45 pm PTFE filter, and placed into vials. Extraction yields were
calculated using Eq. (1), and resveratrol content was determined using
HPLC-PDA.

2.3.5. Acid hydrolysis

According to the method reported in the literature, 1/10 (g/mL)
solid/liquid ratio of ground grape pomace was extracted with 95 %
ethanol at 50 °C for 20 min (Al-Jubouri et al., 2022). After extraction,
the pH of the supernatant was adjusted to 1 using hydrochloric acid, and
then heated under reflux at 57 °C for 8 h. This process facilitates the
hydrolysis of resveratrol dimers, trimers, and glycosides. Following
hydrolysis, a liquid-liquid extraction was performed using a mixture of
ethyl acetate and ether, and the pH was adjusted to 7 with sodium
carbonate. The solid residue was separated by filtration, and the ob-
tained extract was evaporated to dryness. The remaining solid was dis-
solved in 10 mL ethanol, filtered through a 0.45 pm PTFE filter, and
placed into vials. Resveratrol content was stored at 20 °C until analysis.

2.3.6. Liquid - liquid extraction

Ground grape pomace was first mixed with a solvent at a 1/10 (g/
mL) solid/liquid ratio at 25 °C for 3 h. The solid residue was separated
by filtration. To remove unwanted impurities, liquid-liquid extraction
was performed using organic solvents (Galeano et al., 2007). Initially,
after filtration, 5 mL of distilled water and 35 mL of hexane were added
to the remaining liquid and extracted. The hexane phase was separated
in a separating funnel. This process was repeated two more times. The
hexane phases were combined, and the ethanol-water mixture phase
was evaporated until concentrated. In the second step, 25 mL of ethyl
acetate and 25 mL of distilled water were added and separated in a
separating funnel. The ethyl acetate phase was then evaporated to
dryness and vialed for storage and analysis.

2.4. Purification processes

2.4.1. Silica gel column chromatography

To obtain pure resveratrol, the residue was dissolved in ethanol
(Nakanishi et al., 1998). The optimal solvent system for the column was
determined using TLC. Before loading onto the column, the mobile
phase (chloroform, ethyl acetate, and formic acid in a 25:10:1 (v:v:v)
ratio) was re-dissolved and applied to a pre-conditioned silica gel col-
umn (2.5 x 21 cm) with the same composition. The column was eluted
using a mixture of 25:10:1 chloroform, ethyl acetate, and formic acid.
Eluents were collected in 25 fractions of 15 mL each, and TLC analysis
was performed on fractions showing positive results. The positive frac-
tions were combined and dried under a rotary evaporator. TLC analysis
was conducted on silica gel 60 Fa54 aluminum plates, and both standard
and corresponding extract spots exhibited clear purple fluorescence
when exposed to UV light at 254 nm. The fractions were dissolved in 2
mL of ethanol and stored for HPLC-PDA analysis.

2.4.2. Sephadex LH-20 column chromatography

Post-extraction purification was carried out using an open glass
column (2.5 x 21 cm) filled with Sephadex LH-20. The residue was
dissolved in 100 pL of ethanol and re-dissolved in a mobile phase
composed of hexane:ethyl acetate (1, 9) before being loaded onto the
column. Elutions were collected in 10 fractions of 1 mL each. TLC
analysis identified positive resveratrol spots in the fractions, which were
combined and dried under a rotary evaporator. TLC was performed on
silica gel 60 Fy54 aluminum plates, and both standard and corresponding
extract spots showed clear purple fluorescence under UV light at 254
nm. The fractions were dissolved in 2 mL of ethanol and stored for HPLC-
PDA analysis.

2.4.3. Flash chromatography
The purification of trans-resveratrol extracted using an optimized
method was carried out using two different columns: SiliaSep™ C;g (12
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g) and SiliaSep™ HP (12 g). The columns were equilibrated with a
gradient system before separation. Different solvent systems and flow
rates were applied in gradient systems for the separation of trans-
resveratrol (Table 2).

The separated fractions were collected and monitored using ELSD
(Evaporative Light Scattering Detector), as well as at wavelengths of
254, 265, 280, and 305 nm. The collected fractions were dried using a
rotary evaporator and analyzed by HPLC-PDA.

2.4.4. High-performance liquid chromatography-electrospray photo diode
Array mass spectrometry (HPLC-PDA)

In this study, qualitative and quantitative determinations of trans-
resveratrol content at various stages extraction, purification, and release
tests were conducted using a new HPLC-PDA method. HPLC-PDA ana-
lyses were performed using a Shimadzu LC-20AT model device. The
gradient elution program used in the HPLC-PDA analysis is detailed in
Table 3.

Column Temperature: 30 °C, Column: C;g Column (250 mm X 4.6 x
5 pm, NANOLOGICA SVEA), Flow Rate: 0.8 mL/min, Injection Volume:
20 pL, Detector: PDA, Trans-resveratrol was identified by comparing its
retention time with the corresponding peak in the standard compound
and its UV spectrum. The concentrations of trans-resveratrol were
measured using an external standard method, utilizing calibration
curves obtained for this compound within the observed concentration
range. Quantitative data were presented in mg/L (ppm) per gram of
sample.

2.4.5. Validation of the Present Method—Quantification of Constituents

In this study, a calibration curve was created for the quantification of
trans-resveratrol using HPLC-PDA analysis. The trans-resveratrol stan-
dard was obtained from Sigma Aldrich. Initially, standard solutions were
prepared at concentrations of 0.625, 1.25, 2.50, 5.00, 7.50, and 10.00
pg/mL, each concentration analyzed in duplicate. The area values ob-
tained from these solutions were used to plot the calibration curve, and
the method’s linearity was calculated based on the study conducted by
Karagul et al. (2024). The applicability of the method was determined
through this linearity assessment.

Linearity was determined by calculating the correlation coefficient
(R? = 0.99) within the range of 0.625-10.00 pg/L. The calibration curve
of resveratrol is presented in Fig. S3 (Supporting Information). Analyt-
ical method validation characteristics were as follows: Linearity Equa-
tion: y = 110,800x — 18,361, LOD (pg/mL): 0.33, LOQ (pg/mL): 0.99,
Recovery (%): 100.84

2.4.6. LC-MS/MS and 1H NMR spectrometry analysis

The purified final product’s main component was confirmed to be
trans-resveratrol through preparative HPLC-PDA, and its chemical
structure was further characterized using LG-MS/MS and 'H NMR. Mass
spectrometry was performed using the Thermo TSQ Quantis LC-MS/MS
system for qualitative analysis. The precursor molecular ion of trans-
resveratrol, with a molecular formula of C;4H1,03 and a molecular
weight of 228,25 g/mol, was detected at m/z = 228,250. When the
precursor ion was sent through the second quadrupole with a collision
energy of 19 V, it was fragmented, and the mass/charge (m/z) ratios
were separated, revealing characteristic fragmentation ions. '"H NMR
analysis was carried out using the JEOL ECZ500R (11.75 Tesla) NMR

Table 2
Applied methods.
A Mobile B Mobile Cartridge Flow rate %B Time
Phase Phase 12g (mL/min) change (min)
Hexane Ethyl Cig & Si 10, 20, 30, %0-100 30
Acetate 50
Water Methanol Cig & Si 10, 20, 30, %0-100 30
50
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Table 3
Gradient elution programme.
Time %A (ACETIC ACID/ACN/WATER (v/v) %B
0,5 /149,5 / 350 mL) (% 99.9 Acetonitrile)
0 75 25
20 25 75
23 75 25
30 75 25
31 Equilibration

device. The purified trans-resveratrol compound was prepared in
methanol-dg (CD30D-dg), and the chemical shift values for protons in
different chemical environments were determined from the NMR
spectrum.

2.5. Production of powder microcapsules using lyophilization method

The encapsulation of trans-resveratrol using lecithin as the coating
material was performed using the lyophilization method. This process
aimed to develop a trans-resveratrol drug delivery system with increased
solubility and bioavailability. In the first step, 2 % lecithin powder was
dissolved in distilled water and stirred overnight at room temperature
using a magnetic stirrer. Subsequently, the enriched trans-resveratrol
solution was mixed, creating two different ratios (1,1 and 1,2 core to
coating material ratio). The homogenized mixture was prepared by
intensive stirring for 24 h before undergoing lyophilization (freeze-
drying) (Fig. 3).

To prepare freeze-dried lecithin-loaded RES powder, wet microcap-
sules were first frozen for 24 h at —20 °C, followed by drying in a
lyophilizer (BK-FD12P, Biobased) at —85 °C for 72 h while maintaining a
vacuum pressure of 1 Pa. The resulting powder was collected and stored
in a desiccator for SEM analysis. The capsules produced were named
Lecithin-RES capsules.

2.6. Encapsulation efficiency

The encapsulation efficiency of Lecithin-RES samples was evaluated
by measuring the RES content. The powder microcapsules were incu-
bated in a release medium (ethanol). The resulting solution was filtered,
and the free active substance was quantified using HPLC-PDA analysis.
Encapsulation efficiency (EE) was calculated using the following equa-
tion (Ren et al., 2019).

_ BinitialRSVamount —FreeRSVAmount

EncapsulationEfficiency (%)= InitialRSV Amount x100
@

2.7. Zeta potential and particle size analysis

The zeta potential and particle size analyses of the nanoparticle
formulations were performed using dynamic light scattering (DLS) with
a Malvern Zetasizer Nano ZS instrument (Malvern Instruments, UK).
Prior to measurement, the samples were diluted with deionized water at
aratio of 1:10 and gently vortexed. All measurements were conducted at
25 + 0,5 °C using clear disposable zeta cells. Ultrapure water (refractive
index: 1330; viscosity: 0,8872 cP; dielectric constant: 78.5) was used as
the dispersant.

Zeta potential values were calculated based on electrophoretic
mobility using the Smoluchowski approximation. Particle sizes were
expressed as intensity-weighted hydrodynamic diameters (Z-Average),
and the polydispersity index (PDI) was employed to assess the unifor-
mity of the particle size distribution. Each sample was measured in
triplicate, and mean values with standard deviations were reported. The
formulations were designated as L-1 (lecithin only) and L-2 (lecithin
loaded with resveratrol).
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Fig. 3. Lyophilization method.

2.8. Image analysis by scanning Electron microscope (SEM)

The surface morphology of Lecithin-RES microcapsules was analyzed
using SEM (FEI Quanta FEG 250 Model) at 20 kV increasing voltage
under high vacuum. Images were captured at magnifications of 500x,
1000x, and 5000x for analysis.

2.9. In vitro release studies

In vitro release studies of Lecithin-RES microcapsules were con-
ducted in HCI (pH 1.5, gastric pH), KCl buffer (pH 6.8, intestinal pH) at
37 °C. For this purpose, RES-loaded lecithin capsules (15 mg) were
suspended in 30 mL of solution environments at pH 1.5 and pH 6.8,
respectively, in closed containers. Every 30 min, 2 mL of solution was
collected for HPLC-PDA analysis. An equal volume of buffer solution was
added back to maintain the system’s volume. These steps were
continued until the end of 2 h, and the collected solutions were vialed for
HPLC-PDA analysis. Trans-Resveratrol without encapsulation served as
the control group (Merve, 2018; Li et al., 2023).

The release values of resveratrol from Lecithin-RES capsules were
calculated according to the following equation.

%Release = Mt./Mo x 100

Mt. = The amount of resveratrol released at time t is.
Mo = Initial amount of resveratrol loaded (t = 0).

2.10. Statistical analysis

All experimental studies were conducted with at least three inde-
pendent replicates (n = 3). The obtained data are presented as mean +
standard deviation (SD). Observed differences among measurements
were evaluated, and a significance level of p < 0.05 was considered
statistically significant. The results were interpreted by taking into ac-
count only the differences that were consistently observed across rep-
licates and found to be statistically meaningful.

3. Results and discussion
3.1. Validation results

The trans-resveratrol standard (>99 % (HPLC), Sigma Aldrich) was
prepared in methanol solvent (99.5 %, HPLC grade, ISOLAB) at a con-
centration of 10 ppm. The calibration curve exhibited excellent linearity
with R? = 0.999 and a %RSD of 3.36. The detection wavelength for
trans-resveratrol was identified as 305 & 1 nm. Fig. 4 includes a standard
HPLC-PDA chromatogram with: a) UV spectrum scan and specific
wavelength related to the standard, b) visual representation including
peak purity.

The system suitability parameters for the HPLC-PDA analysis of
resveratrol were evaluated and are presented in Table 4.

3.2. Optimization of Extraction Conditions with HPLC-PDA

In optimizing extraction parameters, variables included potential
solvent (A), temperature (B), and extraction time (C). The contents of
trans-resveratrol in the extracts are presented in the following fig. 5.

The results indicated that increasing the extraction temperature led
to a significant decrease in trans-resveratrol yield. Notably, at 70 °C and
80 °C, trans-resveratrol could not be detected by HPLC-PDA. This finding
is consistent with previous studies reporting that trans-resveratrol is
thermally unstable and tends to isomerize into its cis form under
elevated temperatures (Soleas et al., 2001; Gambini et al., 2015). As a
phenolic compound, trans-resveratrol is highly sensitive to environ-
mental conditions such as heat, light, and oxygen.

On the other hand, an increase in extraction time resulted in a
gradual rise in trans-resveratrol yield. The maximum yield was achieved
at 24 h (1440 min), while no significant increase was observed at 36 h
(2160 min), suggesting that the extraction process reached a plateau.
This plateau effect may be attributed to the establishment of thermo-
dynamic equilibrium over prolonged extraction periods (Vergara-Sali-
nas et al., 2012).

Based on these findings, the optimal extraction conditions for
maximizing trans-resveratrol yield were determined as follows: solvent
ratio of ethanol:water (95:5, v:v), extraction temperature of 30 °C, and
extraction time of 24 h. These parameters allow for the highest recovery
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Fig. 4. HPLC chromatogram. Trans-Resveratrol (A), UV spectrum scan and specific wavelength (B), peak purity of trans-resveratrol (C).

Table 4
System Suitability Parameters for Resveratrol.

Compound Retention Time Tailing Factor k’ (avg. 2.187)
Resveratrol (avg 1077)

%RSD 0,074 0,009 0,426

Std. Dev 0,005 0,001 0,009

Std.Dev = Standard Deviation.
%RSD = Relative Standard Deviation.
K'’: Resolution.

of the bioactive trans-resveratrol form while minimizing degradation or
isomerization.

3.3. Comparison of resveratrol levels of different extraction methods by
HPLC-PDA

In selecting the extraction method, support was drawn from litera-
ture data. Numerous extraction methods have been suggested in the
literature (Wang et al., 2013). The extraction methods compared include
classical solvent extraction, acidic environment extraction, reflux,
ultrasonic-assisted extraction, acid hydrolysis, and liquid-liquid extrac-
tion methods. In our study, it was found that the traditional solvent
method yielded higher results compared to other methods. The opti-
mized classical solvent extraction method, using Ethanol/Water (95:5)
at an extraction temperature of 30 °C and 24 h of extraction, yielded a
trans-resveratrol concentration of 23,5 mg/L. However, the purity of the
peak was found to be 0.88, indicating the presence of other molecules
that could contribute to impurities along with trans-resveratrol. Exper-
imental results are presented in the Fig. 6.

A bar graph showing the yield of trans-resveratrol for each extraction
method. The highest yield was obtained using the traditional solvent
extraction method, utilizing ethanol at 30 °C for 24 h. The other
methods tested showed very low extraction yields. The low levels of
trans-resveratrol are attributed to the molecule’s sensitivity to factors
such as heat, light, and temperature, leading to degradation or conver-
sion into the cis form. Therefore, extraction methods like reflux and
ultrasonic bath extraction may contribute to the conversion to the cis
form, reducing the overall trans-resveratrol levels and potentially
increasing the formation of cis-resveratrol. In a reported study, UV

exposure has been shown to lead to the conversion from trans to cis form
(Nour et al., 2012). HPLC-PDA chromatograms indicate different
retention times for trans-resveratrol and cis-resveratrol, making it likely
that lower trans-resveratrol levels could be observed. Additionally, other
extraction methods such as acidic environment extraction, acid hydro-
lysis, and liquid-liquid extraction also yielded low trans-resveratrol
levels and were deemed unsuitable for the extraction of trans-resveratrol
from grape pomace.

3.4. Determination of purification method by HPLC-PDA

The preference for silica filler due to its polar nature and cost-
effectiveness compared to other fillers is evident. Silica G-60 column
applications involved the analysis of collected eluents using TLC, and
eluents indicating the presence of resveratrol were further analyzed
using HPLC-PDA. The HPLC chromatograms of both the eluent (black)
and the resveratrol standard (red), as well as the UV spectrum and peak
purity analysis, are presented in Fig. 7. The collected eluents from the
Silica G-60 column and the presence of resveratrol are presented in the
following Table S1.

The HPLC-PDA analysis results of collected fractions showed that
eluents 15 and 16 contained trans-resveratrol concentrations of 6,6 mg/
L and 3,63 mg/L, respectively. The highest concentration was found in
eluent 15. Fig. 7 presents the HPLC-PDA chromatogram for eluent 15,
along with peak purity. Upon examining the chromatogram, it is evident
that many impurities have been removed, particularly noting that most
dyes were retained by the column. The critical factor here is the selec-
tion of the mobile phase. For trans-resveratrol purification in silica col-
umns, the most suitable mobile phase combination was determined to be
chloroform, ethyl acetate, and formic acid. In contrast, Sephadex LH-20
was used as another purification method. In a study conducted by Giider
et al. (2014) on the isolation of resveratrol from Vitis labrusca L., column
chromatography using Sephadex LH-20 was discussed. Another study
highlighted that Sephadex LH-20, with its cross-linked polysaccharide
network, contains numerous active sites for interaction with compo-
nents in complex mixtures, requiring careful selection of mobile phase
compositions for effective chromatographic purification (Piyaratne
et al., 2022). Table S2 presents the collected eluents and the presence of
resveratrol for Sephadex LH-20 column applications. Examination of
HPLC-PDA chromatograms for collected fractions revealed the presence
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Fig. 6. Resveratrol yield by various extraction techniques.

of trans-resveratrol in eluent 4. Fig. 8 provides the chromatogram and 3.5. Flash chromatography results

peak purity for eluent 4. From the chromatogram, it is evident that

Sephadex column application has been highly effective in removing The data obtained through the use of SiliaSep™ HP 12 g with a
impurities, ensuring the attainment of pure trans-resveratrol. hexane/ethyl acetate solvent system showed a slight degree of
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purification, but it was evident that dye and impurities were not effec-
tively removed (Fig. S2). Fig. S3 presents a trial using SiliaSep™ HP 12 g
cartridges. In contrast, the method utilizing SiliaSep™ C;g 12 g car-
tridges with a water/methanol solvent system yielded better results.
Initial attempts showed no separation, indicating that resveratrol came
with impurities, prompting the decision to proceed with flash chroma-
tography using SiliaSep™ Cjg 12 g cartridges and a water/methanol
solvent system. Fig. S4 shows the flash chromatography data, with five
fractions collected. These fractions were analyzed using HPLC-PDA to
assess resveratrol content. Table S3 lists the collected eluents and the

presence of resveratrol. The results of flash chromatography revealed
some effectiveness in removing impurities, though further optimization
is needed. The peaks corresponding to the same retention time as the
standard were analyzed for UV spectrum and peak purity. As seen in Fig.
S5, did not meet the desired threshold, as the purity value was found to
be 0.89. Ideally, the peak purity should be within the range of
0.99-1.00, indicating the presence of impurities and interference within
the fraction.
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3.6. LC-MS/MS mass determination results

The identification and characterization of active compounds in nat-
ural substances are crucial for understanding their therapeutic potential.
In this study, LC-MS/MS technique was utilized to analyze resveratrol,
an effective compound found in grape pomace. The precursor ion of
trans-resveratrol ([M-H]~, neutral molar mass: 228.24 g/mol) was
detected at m/z 227.07 and sent to the second quadrupole at a collision
energy of 19 V, where it fragmented into characteristic ions with m/z
values of 185.25, 143.17, 119.05, and 117.03 through the aid of a
collision gas. These fragmentation products are shown in Fig. 9. Fig. S3
presents the LC-MS/MS data, while Table 5 lists the positive and
negative ion values related to trans-resveratrol.

3.7. H-NMR results

The 'H NMR spectrum of the isolated trans-resveratrol compound
reveals specific chemical shifts characteristic of its structure. In the
spectrum, the methyl peaks from the CD30D-dg solvent are observed at a
chemical shift of 3.35 ppm. Aromatic benzene ring multiplet peaks are
noted in the chemical shift range of 6.11-6.98 ppm. The chemical shift
for the aliphatic = C-H doublet is observed between 7.36 and 7.40 ppm,
and the aromatic benzene ring’s phenolic O—H proton peak is seen at
9.24 ppm. The integration ratios of these peaks confirm the results.
Fig. 10 displays the H NMR chemical shift (6) values (ppm) for isolated
trans-resveratrol.

3.8. Preparation and characterization of liposomal formulations

The lyophilization technique has been reported as the most
commonly used method in the production of pharmaceutical products
that are heat-sensitive and unstable in aqueous environments, in order
to ensure stability in dried form and long-term storage. (Degobert &
Aydin, 2021). Formulations prepared with lecithin were synthesized as
nanoformulations with particle sizes smaller than 157 nm (Table 6).
Particle size is a critical factor in the development of liposomes, as it
directly influences the stability of colloidal systems, their biological
distribution, and drug release properties (Mozafari et al., 2008).

The polydispersity index (PDI) provides quantitative information
about the homogeneity and size distribution of vesicles in liposomal
suspensions (Vanaja et al., 2013). PDI values of 0.5 and above indicate a
heterogeneous particle size distribution within the system. In this
context, the formulation obtained in this study was evaluated to have a
PDI below 0.5 (Table 6). Additionally, the incorporation of RES with
lecithin resulted in a lower PDI value compared to the control group.
Zeta potential analysis demonstrated that the control formulation (L-1,
lecithin only) exhibited a high negative surface charge with an average
value of-73.4 mV, indicating excellent colloidal stability consistent with
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Table 5
Positive and negative ion fragments of the trans-resveratrol
molecule.

Positive ion values Negative ion values

196,541 195,541
215 226,4
228 278,229
255

previous studies reporting zeta potentials below —30 mV as indicative of
stable nanoparticle dispersions (Honary & Zahir, 2013). Upon encap-
sulation of resveratrol (L-2), the zeta potential decreased to-56.6 mV,
reflecting partial surface charge neutralization likely due to the incor-
poration of the relatively hydrophobic resveratrol molecules on or
within the lecithin vesicles. Despite this decrease, the zeta potential
remained sufficiently negative to maintain electrostatic stability, con-
firming the colloidal integrity of the encapsulated system (Joye et al.,
2015). Dynamic Light Scattering (DLS) analysis results revealed signif-
icant differences in particle size and distribution between the control
formulation (L-1, lecithin only) and the resveratrol-loaded formulation
(L-2) The Z-Average (mean hydrodynamic diameter) increased from
359.7 nm in L-1 to 442.1 nm in L-2. This notable increase indicates that
resveratrol was successfully incorporated into the lecithin-based system,
resulting in a significant enlargement of the vesicle size. The incorpo-
ration of polyphenolic compounds into lipid bilayers leading to an in-
crease in particle size has also been reported in the literature. In
particular, reported a similar increase in particle size when polyphenols
derived from grape seeds were loaded into solid lipid nanoparticles
(Trapani et al., 2022).

3.9. Encapsulation efficiency

The encapsulation efficiency of resveratrol in lecithin nanoparticles
with a 1/1 and 1/2 core:coating ratio was found to be 65.0 % (+1.0 %)
and 80.0 % (+1.05 %), respectively. Various encapsulation methods
have been used for resveratrol, showing varying efficiencies. For
instance, nanoparticles coated with poly(D, ti-lactide-co-glycolide)
exhibit encapsulation efficiencies ranging from 17 % to 33 % (Sanna
et al., 2012), and calcium-alginate microparticles encapsulate resvera-
trol with efficiencies reaching up to 98 % (Cho et al., 2014). Katja et al.
(2015) encapsulated resveratrol into Ca-alginate submicron particles,
achieving an efficiency of 24.5 % (+1.6 %). They reported that the
encapsulation efficiency is closely related to the preparation method. In
a study by Huang et al. (2019) and Wang et al. (2022), lecithin-based
encapsulation of resveratrol increased its solubility, achieving an
encapsulation efficiency of 65.45 %. In our study, lecithin encapsulated
resveratrol, despite not dissolving in water, was able to form micelles in

\
N

m/z 185 m/z 143
OH
> -0 < > \\
m/z 117

Fig. 9. Trans-resveratrol fragmentation products.
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Fig. 10. H NMR chemical shift (5) values of isolated trans-resveratrol (ppm). H NMR (500 MHz,) § 7.37-7.27 (m, 1H), 7.17-7.04 (m, 1H), 6.96-6.88 (m, 1H),
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Table 6
Zeta potential, particle size, and polydispersity index (PDI) values of nanoparticle formulations: L-1 corresponds to the control group (lecithin only), and L-2 represents
the resveratrol-loaded nanoparticles prepared with lecithin.

Sample Zeta Potential (mV) Particle size (nm) Polydispersity Index (PDI) Stability Interpretation Z-Average (nm)
L1 —73.4 + 6.0 263,1 0,214 Very stable, moderate size uniformity 359,7
L-2 —56.6 + 6.1 157,5 0,075 Stable, highly uniform 442,1
aqueous environments, thereby significantly enhancing its to the low solubility of resveratrol in the acidic stomach environment.
bioavailability. The release profile in the NaH2PO4 environment (pH 6.8) shows that
encapsulated resveratrol completely dispersed in artificial small intes-
3.10. Morphological analysis tine fluid after 2 h, releasing all active components. The release in the
stomach environment showed better results compared to free resvera-
The surface structures of encapsulated resveratrol microparticles trol, but still did not reach the desired level. These results suggest that
analyzed using Scanning Electron Microscopy (SEM) images are crucial encapsulated resveratrol exhibits better solubility in the intestinal
for evaluating their physical properties. These SEM images have been environment, while remaining stable in the stomach environment. Upon
provided in the Supplementary Material. The surface morphology reaching the intestinal environment, complete release occurs, allowing
revealed that the microparticles have a rough surface, suggesting an for absorption from the gut. Figs. 11 and 12 illustrate the release profiles
increased surface area, which could positively influence controlled of encapsulated resveratrol and free resveratrol, respectively.
release behavior. Additionally, the absence of any crystalline structure As shown in Figure 11, the release of resveratrol molecules encap-
on the microparticle surfaces indicates that a significant portion of  sulated with lecithin exhibited a steady increase, reaching approxi-
resveratrol is retained within the capsules. In a study by Lei et al. (2022), ~ mately 5 % within the first 5 min. After this point, the release showed a
lecithin-encapsulated resveratrol was observed in microparticle form, slight increase, reaching around 25 %, and then stabilized. In contrast,
showing needle-like structures. In our study, instead of needle-like non-encapsulated resveratrol remained insoluble in the medium. These
structures, spherical shapes were observed, indicating successful prep- ~ findings indicate that the solubility of encapsulated resveratrol is su-
aration of lecithin-coated resveratrol microparticles. SEM analysis of perior to that of non-encapsulated resveratrol; however, it still does not
pure lecithin revealed repulsion between hydrophilic groups, whereasin ~ reach the desired level.
trans-resveratrol-loaded lecithin capsules, polar regions appeared to As shown in Fig. 12, the release of resveratrol molecules encapsu-
interact, promoting structural integrity The obtained SEM images are ~lated with lecithin exhibited a steady increase of approximately 20 %
provided in the Supplementary Information: Fig. S4 (30 pm), Fig. S5 within the first 90 min, reaching nearly 80 % by the 120th min. In
(100 pm), and Fig. S6 (300 pm). contrast, non-encapsulated resveratrol remained insoluble in the me-
dium. These findings suggest that the solubility of encapsulated
3.11. In vitro release studies resveratrol is enhanced in the intestinal environment. Resveratrol is a

significant phytoalexin with a long history of use, and numerous studies
Resveratrol’s release profiles in simulated gastric fluid (HCl/KCl, pH have highlighted its health benefits. Despite its therapeutic effects, the

1.5) and simulated intestinal fluid (NaHzPOs, pH 6.8) aqueous solutions clinical application of resveratrol is limited due to its low bioavailability
are shown in Figs. 12 and 13, respectively. The release profile in the and rapid metabolism. To address these challenges, nanoemulsion-based
HCI/KCl environment (pH 1.5) indicates that the release of free trans- delivery systems offer a promising approach by improving the solubility
resveratrol in the digestive system is significantly low. This is attributed of the bioactive compound, enhancing absorption, and enabling

11
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controlled release to target regions effectively. Such systems hold po-
tential for optimizing the therapeutic efficacy of resveratrol. In a study
conducted by Sessa et al. (2011), submicron nanoemulsions produced
via high-pressure homogenization (HPH) demonstrated the ability to
protect resveratrol from chemical degradation and prevent its oxidation
to inactive forms, such as cis-resveratrol. Additionally, optimized
nanoemulsion formulations enabled resveratrol to remain encapsulated
within the lipid phase during digestion, reach the colon without being
metabolized in the gastrointestinal tract, and be efficiently absorbed
through the intestinal wall. These O/W nanoemulsions, containing dual
emulsifiers, were concluded to be effective carrier systems for improving
the bioavailability of bioactive compounds due to their enhanced pro-
tective properties (Sessa et al., 2011). The low bioavailability and rapid
excretion of resveratrol limit its clinical application (Francioso et al.,
2014). Therefore, an effective carrier system is required to improve its

12

efficacy. Liposomes, lipid-based drug delivery vehicles, have been
extensively studied and widely used in various biomedical applications
(Bhattacharyya et al., 2014). During the selection of encapsulation
methods, techniques such as spray drying were tested. However, due to
the heat sensitivity of resveratrol, lyophilization was chosen. The
optimal lyophilization duration was determined to be 3 days. The use of
coating materials significantly improved the storage stability of resver-
atrol. In an in vitro simulated gastrointestinal digestion model, it was
found that continuous release of resveratrol from lecithin-encapsulated
resveratrol (Lecithin-RES) capsules occurred more easily. Moreover, its
solubility in water increased significantly, particularly in the intestinal
environment, where high levels of resveratrol dissolved within the first
30 min, achieving near-complete dissolution and release by the end of
one hour.
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4. Conclusions

Vitis vinifera byproducts are a significant source of bioactive poly-
phenolic compounds beneficial to human health, and the valorization of
such waste materials is gaining increasing importance in terms of sus-
tainability. In this study, trans-resveratrol was extracted and purified
under optimal conditions from grape pomace and encapsulated with
lecithin; its stability and release behavior were evaluated in an in vitro
simulated gastrointestinal environment.

The chemical structure of resveratrol was confirmed using various
analytical techniques (LC-MS/MS, HPLC-PDA, and NMR), and purifi-
cation was achieved through innovative methods such as flash chro-
matography. As a result of encapsulation, a system that enhances
bioavailability was developed, supported by particle size increase,
morphological structure, and zeta potential analysis. In vitro release
studies demonstrated that lecithin encapsulation promoted the
controlled and pH-dependent release of trans-resveratrol (RES). These
results suggest that grape pomace waste can be transformed into valu-
able natural resources for use in the food and pharmaceutical industries.

However, this study has certain limitations. Firstly, in vitro release
tests may not fully reflect the complexity of the real gastrointestinal
system. Furthermore, no in vivo studies have been conducted to assess
bioavailability and metabolic transformation. The long-term stability of
the encapsulation under storage conditions has also not been compre-
hensively evaluated. Future studies are recommended to address these
limitations by including in vivo pharmacokinetic analyses, long-term
stability testing, and comparisons of different carrier systems.

In this context, although this study represents an important step to-
ward enhancing the functional use and bioavailability of trans-resvera-
trol obtained from grape pomace, it should be supported by more
comprehensive research.
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