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A B S T R A C T

Beads made of sodium alginate, whey protein concentrate, and red grape seed extract powder were exposed to 
white light and its red-orange, yellow-green-cyan, and cyan-blue-violet bands. The chemical analysis showed 
that encapsulation in the alginate–whey protein matrix protected polyphenols, flavonoids and cyanidin-3-O- 
glucoside when exposed to red-orange light. The reflectance spectra acquired from grape seed extract powder 
and grape seed extract beads were deconvoluted and anthocyanins-based moieties which contribute to the 
expression of bathochromic or hypsochromic effects were identified. The evolution of the peak areas assigned to 
the colored compounds confirms that the most intense polyphenol degradation occurred in grape seed extract 
powder and grape seed extract beads exposed to cyan-blue-violet light, as shown by the chemical analysis. The 
results of the study are important in choosing the light band from the visible spectrum which can be used to 
process food enriched with grape seed extract with minimal polyphenol degradation.

1. Introduction

Technologies based on visible light and its component colors have 
diverse and effective applications in the food industry, supporting a 
more sustainable and less wasteful food production chain (Hinds, Bha
vya, O’Donnell, & Tiwari, 2022). Visible (white) light combines elec
tromagnetic radiation of different wavelengths and can be obtained by 
mixing red, blue, and green light. Orange, yellow, cyan, and violet light 
can also be added to reproduce a wider range of hues. Its application in 
horticulture, agriculture, and food production can overcome the poor spatio- 
temporal distribution of sunlight in some regions (D’Souza, Yuk, Khoo, & 
Zhou, 2015). In lamb’s lettuce, a delay in senescence was observed by 
increasing the a/b chlorophyll ratio (Braidot et al., 2014), while an 

increase in the concentrations of total chlorophyll, vitamin C, and total 
phenolic contents was observed under white light compared to dark 
storage (Lee, Ha, Oh, & Cho, 2014). Individual components of white 
light have also been reported to be useful for the food industry. Exper
imental data have suggested that blue light is an effective bactericidal 
agent against pathogenic and spoilage-causing bacteria in dairy and 
liquid foods, meat and seafood products, food packaging, and work surfaces 
(Hadi, Wu, & Brightwell, 2020). The work of Yeh, Yeh, Shih, Byadgi, and 
Chih Cheng (2014) has shown that blue light promotes the growth of 
carotenoids in some species of algae. Red light has been reported to 
delay the senescence of vegetables and the loss of postharvest nutritional 
content (Ma et al., 2014). Green light has been shown to prevent 
discoloration of potatoes caused by increasing solanine and chlorophyll 
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concentration and improve the anthocyanin content of unripe straw
berries (Kim et al., 2011).

Grape seeds, by-products of the wine industry, are rich sources of 
bioactive compounds, such as fiber, oil, proteins, polyphenols, minerals, 
and salts (Kim, Jeong et al., 2006). Processing grape seeds or solid res
idues from the wine-making process produces grape seed extract, a 
heterogeneous mixture which contains >95 % polyphenols such as 
phenolic acids (gallic acid, p-coumaric and trans-ferulic acid, tartaric 
acid, protocatechuic acid, malic acid), and proanthocyanidins (ac
counting at least 74–78 %) in the form of monomeric phenolic com
pounds ((+)-catechin and (− ) -epicatechin, epicatechin-3-O-gallate, 
flavan-3-ols), and in dimeric, trimeric and tetrameric procyanidin 
forms (Dabetic, Todorovic, Malenovic, Sobajic, & Markovic, 2022; 
Gómez-Mejía, Vicente-Zurdo, Rosales-Conrado, León-González, & 
Madrid, 2022; Perumalla & Hettiarachchy, 2011; Rózek, Achaerandio, 
Gűel, López, & Ferrando, 2009). Due to their high polyphenols content 
with phytopharmaceutical properties such as (+)-catechin and (− ) 
-epicatechin, epicatechin-3-O-gallate, grape seeds have numerous 
beneficial effects, including free radical scavenging, antioxidant prop
erties, inhibition of the enzymes that catalyze histamine release 
responsible for inflammations and allergies, inhibition of low-density 
lipoprotein oxidation and platelet aggregation (Amico, Chillemi, Man
giafico, Spatafora, & Tringali, 2008; Kim et al., 2006; Rózek et al., 
2009). Due to these positive properties, grape seed extract is highly 
recommended for developing functional foods and dietary supplements. 
Meat and meat products (Reddy et al., 2013; Ribas-Agusti et al., 2014), 
potato chips (Sáyago-Ayerdi, Brenes, & Goñi, 2009), and bread (Peng 
et al., 2010) enriched with grape seed extract have higher shelf life, 
antioxidant properties, and lipid stability than non-fortified related 
products. The main challenge in fortifying food with grape seed extract 
is related to the high sensitivity of polyphenols to the thermal or non- 
thermal processes that fortified foods are exposed to during produc
tion, storage, and processing. Under the action of light, temperature, 
oxygen, enzymes or pH dimerization, oxidation, hydroxylation, or 
nucleophilic attack cleavage of polyphenols can occur and result in the 
loss of their antioxidant activity. The study of Kosović, Topiař, Cuřínová, 
and Sajfrtová (2020) shows that the concentrations of trans-resveratrol 
and trans-ε-viniferin obtained from Vitis vinifera L. decreased until 
almost complete decomposition when stored for 14 days at daylight. 
Quercetin, rutin, peonidin, pelargonidin, p-coumaric, ellagic, and p- 
hydroxybenzoic acids were found to be the least stable phenolics when 
exposed to sunlight (Mrázková, Sumczynski, & Orsavová, 2023).

Efforts have been made to improve the resistance of polyphenols to 
such processes, encapsulation has provided a viable alternative. Sodium 
alginate mixed with whey protein concentrate, maltodextrins, gum 
Arabic, cellulose derivatives, chitosan or chitosan–carvacrol to reduce 
porosity and strengthen the matrix, has been used to encapsulate grape 
seed extract (Pedrali, Barbarito, & Lavelli, 2020; Yadav, Bajaj, Mandal, 
& Mann, 2019). Sheng et al. (2021) showed that grape seed proantho
cyanidin extract encapsulated in sodium alginate-methyl cellulose and 
sodium alginate-hydroxypropyl methylcellulose stored for 28 days at 
25 ◦C in natural light resulted in a retention rate higher than 80 %, while 
retention rate in non-encapsulated sample significantly decreased after 
21 days of storage. Encapsulation in chitosan and maltodextrin of an
thocyanins from black glutinous rice increased their stability under light 
exposure for 15 days by 1.47-fold and 1.64-fold compared with non- 
encapsulated anthocyanins (Vichit, Saewan, & Thitipromote, 2012). 
Other studies (Chi et al., 2019; Mahdavi, Jafari, Assadpour, & Ghorbani, 
2016; Ouyang et al., 2020) also proved the improvement in the light 
stability and increased half-life of cyanidin-3-O-glucoside (C3G) 
encapsulated in casein, maltodextrin and gum Arabic or nanoliposomal 
carriers compared to the non-encapsulated C3G.

To the best of our knowledge, there are no studies examining the 
impact of visible light component bands on the encapsulated poly
phenols. From this perspective, the aim of this work is to encapsulate the 
red grape seed extract in a matrix of alginate–whey protein concentrate 

and compare the stability of the extract and beads under exposure to 
white light and its red-orange, yellow-green-cyan, and cyan-blue-violet 
components.

Considering that the stability of polyphenols is an important factor in 
producing of food with high nutritional value and antioxidant activity, 
this study provides valuable insights into the influence of visible light 
and its component bands on grape seed extract powder and alginate–
whey protein–grape seed extract beads. Thus, a specific light band from 
the visible spectrum can be chosen to process food enriched with grape 
seed extract with minimal polyphenol degradation to obtain food with 
high health beneficial effects.

2. Materials and methods

2.1. Reagents

Sodium alginate (viscosity of 25.7 cps at 25 ◦C, mannuronic/gulur
onic ratio of 35/65-data supplied by the manufacturer) was provided by 
Sigma-Aldrich (USA), whey protein concentrate (70 %) by Gymbeam 
(Germany), and red grape seed extract powder by Bulk™ Company 
(England). Analytical grade Folin-Ciocalteu reagent, calcium chloride, 
sodium carbonate, hydrochloric acid, methanol, ethanol, aluminum 
chloride, sodium nitrite, sodium hydroxide, ethyl acetate, formic acid, 
acetonitrile were purchased from Sigma-Aldrich (USA). Standards 
catechin, gallic acid and cyanidin HPLC grade were purchased from 
Sigma Aldrich (Saint Louis, MO, USA).

2.2. Encapsulation of red grape seed extract powder

Alginate–whey protein concentrate–red grape seed extract powder 
beads (GSEB) were prepared using the external ionic gelation method. 
Alginate-whey-extract solution was extruded as droplets into a gelling 
bath containing Ca2+ which binds the guluronate blocks of the alginate 
chains forming an “egg-box” structure (Leong et al., 2016). Of the five 
possible gelling methods namely external, internal, inverse, interfacial, 
and multi-step interrupted gelation, the external cross-linking method 
was selected for this study. It requires simple equipment and results in 
smoother surface, with greater matrix strength and higher encapsulation 
efficiencies as compared with internal cross-linking method (Chan, Lee, 
& Heng, 2006).

Different ratios of sodium alginate (SA) and whey protein concen
trate (WPC) were first homogenized at 25 ◦C in 100 mL of ultrapure 
water (Thermo Fisher Scientific Barnstead™, USA) with stirring to 
develop the alginate–whey protein binary matrices (Table 1). After 1 h, 
the red grape seed extract powder (GSEP) was added in different ratios 
(Table 1) while stirring was continued for another 3 h. A peristaltic 
pump (PM05 AES Laboratoire, France) delivered the final solution at 65 
rpm, followed by extrusion through a capillary tube (diameter 0.5 mm) 
into a bath containing 500 mL of 0.5 mol/L CaCl2. The resulting beads 
were kept in the bath for 30 min to achieve gelation, filtered, rinsed with 
ultrapure water, and dried at 25 ◦C until they reached a constant weight. 
Control beads without red grape seed extract powder were also prepared 
to quantify the contribution of the raw materials to the beads.

All procedures for beads preparation and samples analysis were 
conducted in the dark at 25 ◦C to avoid degrading the polyphenols. 
Samples transportation for further analysis was done in a dark cool box 
at 4 ◦C, in the shortest possible time.

2.3. Encapsulation efficiency and selection of the beads

The total polyphenol concentration in GSEB, control beads, and 
GSEP were determined according to the procedures described in Section 
2.6. The encapsulation efficiency was calculated according to the 
following equation: 

EE (%) = PB ×100/PP (1) 
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where EE is the encapsulation efficiency of the red grape seed extract 
powder, PB is the total polyphenol amount in the dried beads, mg GAE 
and PP is the total polyphenol amount in the red grape seed extract 
powder used to prepare the beads, mg GAE.

The beads with the highest encapsulation efficiency parameters were 
selected for further investigation.

2.4. Treatments of GSEP and selected GSEB

Four treatments (white light with a wavelength in the range 
400–725 nm, red-orange band in the range 600–725 nm, yellow-green- 
cyan band in the range 475–600 nm, and cyan-blue-violet band in the 
range 400–550 nm) were applied to the extract powder and the beads. 
The sample exposure time was calculated so that the irradiated energy in 
each color band was as close as possible to the energy in the same band 
when white light irradiation was used. Periodically, the samples were 
collected and analyzed. The temperatures of the samples during and at 
the end of exposure never exceed 30 ◦C. A DLP projector was used to 
produce the light for the visible light exposure experiments. This DLP 
projector uses a five-color wheel filter (white-blue-red-yellow-green) for 

color reproduction and a 200 W Osram TLPLV6 metal-halide lamp as
sembly with an inherent strong IR/UV-cut filter. To produce the desired 
illumination, primary white/red/green/blue standard monitor test 
patterns were displayed at the native resolution and refresh rate of the 
projector. In this experimental setup, the projector was used as the 
secondary display of a laptop. A ground-glass light homogenizer and 
supplementary color glass filters further enhanced the spatial homoge
neity and spectral-band distribution definitions of the DLP illuminant; 
specifically, a Hama HTMC Red R8 (25 A) high-pass filter in combina
tion with the red color test pattern, a Hoya HMC Green X1 band-pass 
filter with the green color test pattern, and a LZOS Blue 1.4× low-pass 
filter with the blue color test pattern. The white light experiments 
were run first. The relative intensity spectral distribution series at the 
sample plane was recorded with a modular spectrometer connected to 
the laptop running the AvaSoft 8 spectroscopy software on its primary 
integrated display. For every white/colored light experiment, at least 
150 relative spectral intensity measurement batches, mediated over 100 
spectra, were registered at the beginning, middle, and end of each 
experiment. Each spectrum was measured over 1.05 μs so that the ob
tained values were sufficiently well separated from black noise, and 
sensor signal-clipping was avoided. In illumination experiments, keep
ing this measurement time constant also ensured comparable noise 
behavior. Strong light filtering for the red/green/blue illumination ex
periments heavily reduced the light intensity relative to the white illu
minant due to the color reproduction principle of the DLP, which 
employs a digital mirror device and the above-mentioned internal color 
filters, complemented by our external filtering. More details about the 
production of the light for the visible light exposure experiments are 
presented in the Supplementary Material (SM).

All light illumination experiments were conducted in an air- 
conditioned room at 25 ◦C, with the air-conditioning turned on at 
least 24 h before each experiment’s start to achieve the desired envi
ronmental conditions, without any significant air flux over the experi
mental setup. The relative humidity fluctuated between 50 and 60 %. 
After irradiation time ended, each sample was left in the dark in the 
experimental irradiation chamber, in controlled stable environment, to 
equate the maximum irradiation time of 12 h for the yellow-green-cyan 
light. Unexposed samples were also maintained in the same conditions.

2.5. Morphology and microstructure of GSEB

Digital photographs of GSEP and GSEB were taken with a Bresser 
LCD micro 5MP microscope (Bresser GmbH, Germany). The changes on 
the surface and in the core of the beads exposed to light treatments were 
visualized using scanning electron microscopy (SEM; S-3500 N, Hitachi, 
Japan). To ensure the conductivity of the beads, they were placed on a 
conductive carbon tape and sputtered with a conductive gold nano
particle layer before the SEM images were acquired. At least 100 beads 
of each type were used to measure the shape parameters with ImageJ 
(National Institutes of Health and Laboratory for Optical and Compu
tational Instrumentation LOCI, University of Wisconsin). To describe the 
shape of the beads, the area, equivalent diameter, Feret’s diameters, 
perimeter, and sphericity factor were calculated according to the 
equations presented in the Supplementary Material (SM).

2.6. Total polyphenol content

The total polyphenol content of the samples was determined using 
the method of Ivanova et al. (2010). An accurately weighed 0.3 g sample 
of powder and beads was mixed with 20 mL of a 69/30/1 (v/v/v) 
ethanol/water/HCl mixture for 24 h in the darkness at 25 ◦C with stir
ring. After filtration conducted through a blue-ribbon filter paper using a 
Buchner funnel with vacuum suction, 1 mL of extract solution was mixed 
with 3 mL of Folin–Ciocalteu reagent, 5 mL of distilled water, and 3 mL 
of 7.5 % (w/v) sodium carbonate (Wu et al., 2020). The mixture was kept 
in the dark at 25 ◦C for 1 h, and the absorbance was measured at 765 nm 

Table 1 
Bead compositions and encapsulation parameters.

Composition (w: 
w:w:v)

Total polyphenols 
content in the dried 
sample, mg GA/g 
sample

Encapsulation 
efficiency, EE%

The gravimetric 
yield of the 
encapsulation 
process, g

Red grape seed 
extract 
powder

72.35 – –

Alginate:Whey 
proteins: 
Extract:Water 
1:1:0:100 
(control 
beads)

– – –

Alginate:Whey 
proteins: 
Extract:Water 
1:0:1:100

9.79 ± 0.41d 75.19 ± 2.37b 5.56 ± 0.24c

Alginate:Whey 
protein: 
Extract:Water 
1:1:1:100

9.64 ± 0.39d 86.43 ± 1.91a 6.48 ± 0.27b

Alginate:Whey 
proteins: 
Extract:Water 
1:1:2:100

8.47 ± 0.20e 86.19 ± 3.59a 7.36 ± 0.17a

Alginate:Whey 
protein: 
Extract:Water 
1:2:1:100

13.21 ± 0.66b 88.64 ± 1.98a 4.85 ± 0.41cde

Alginate:Whey 
proteins: 
Extract:Water 
2:1:1:100

11.93 ± 0.49c 87.29 ± 2.70a 5.29 ± 0.22c

Alginate:Whey 
proteins: 
Extract:Water 
1:2:2:100

15.60 ± 0.32a 88.08 ± 2.43a 4.09 ± 0.36e

Alginate:Whey 
proteins: 
Extract:Water 
2:1:2:100

14.89 ± 0.55a 87.70 ± 2.05a 4.26 ± 0.24de

Alginate:Whey 
proteins: 
Extract:Water 
2.2:1:100

12.53 ± 0.27bc 86.55 ± 2.61a 4.99 ± 0.16cd

Results are expressed as average ± standard deviation (n = 3). In each column, 
mean values marked with different superscript letters are significantly different 
(p < 0.05);
Extract – red grape seed extract powder.
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using a Lambda 35 spectrophotometer. Gallic acid was used to stan
dardize the phenolic content. The results are expressed as gallic acid 
equivalents in 1 g of dry sample for GSEP (mg GAE/g powder) and as 
gallic acid equivalents in 4.85 g of dry beads for GSEB (mg GAE/4.85 g 
beads).

2.7. Total flavonoid content

Because they comprise the greatest fraction of the grape seed extract, 
the total flavonoid contents of GSEP and GSEB were analyzed according 
to the method described by Ivanova et al. (2010) adapted to our study. A 
volume of 1 mL of total polyphenol extract solution was mixed with 4 
mL of distilled water and 0.3 mL of 0.5 g/L NaNO2 solution. Volumes of 
0.3 mL of 0.1 g/L of AlCl3 and 2 mL of 1 M NaOH solutions were added 
after 5 and 6 min, respectively. Distilled water was added to bring the 
total volume to 10 mL, and after homogenization, the absorbance of the 
final solution was measured at 510 nm relative to the water-based blank 
(Lambda 35 spectrophotometer, Perkin Elmer, USA). Catechin was used 
to standardize the flavonoid content. The results are expressed as cate
chin acid equivalents in 1 g of dry sample for GSEP (mg CE/g powder) 
and in 4.85 g of dry sample for GSEB (mg CE/4.85 g beads).

2.8. Quantification of cyanidin 3-O-glucoside

The influence of light on the concentration of cyanidin 3-O-gluco
side, the main anthocyanin found in red grape seeds, was also quantified 
in powder and beads, considering the maximum exposure time 
(Table 3). The anthocyanins were extracted from samples using the 
method described by Nile, Kim, and Keum (2015) adapted to this study. 
The sample (0.3 g) was extracted using 30 mL of acidified methanol (0.3 
% HCl) in triplicate under continuous stirring (Miccra D-9 KT Digitronic, 
Bergheim, Germany). The three extracts were combined and filtered 
through several layers of cotton and concentrated under vacuum at 
35 ◦C until the methanol was completely removed. Ethyl acetate was 
used to separate the anthocyanin group from less polar compounds. The 
resulting extract was diluted to 5 mL with distilled water, filtered 
through a 0.45-μm membrane filter (MF-Millipore™, Merck-Millipore, 
Germany), and analyzed using an HPLC-DAD-ESI-MS system (High- 
Performance Liquid Chromatography–Diode Array Detection–Electro- 
Spray Ionization Mass Spectrometry) consisting of an Agilent 1200 
HPLC with a UV–vis detector (DAD) coupled to a mass detector (MS) 
with a single quadrupole Agilent 6110 (Agilent Technologies, Santa 
Clara, CA, USA).

Cyanidin was quantified using a Shimadzu instrument (Japan) 
equipped with a binary LC-20 AT (Prominence) feed pump, a DGU-20 
A3 (Prominence) degasser, an SPM-M20 photodiode detector, a Luna 
Phenomenex C-18 (5 μm, 25 cm × 4.6 mm) column, and a UV-VIS de
tector. Two mobile phases were used: mobile phase A consisted of 4.5 % 
formic acid in bidistilled water, while solvent B was acetonitrile. The 
chromatographic gradient was as follows: 9 min of 10 % solvent B, 17 
min of solvent B from 10 % to 12 %, 30 min of solvent B from 12 % to 25 
%, and 90 % solvent B ranging from 30 min to 50 min. A volume of 20 μL 
of sample was injected into the column at a flow rate of 0.8 mL/min at 
35 ◦C. The cyanidin was quantified at 520 nm using a calibration curve 
(r2 > 0.998) based on a cyanidin standard in the concentration range of 
2.5–500 μg/mL.

2.9. Color analysis

Color measurements were performed on untreated and treated 
samples after exposure to white light and its red-orange, yellow-green- 
cyan, and cyan-blue-violet illuminant component bands using a YL 
4560-3nh non-contact benchtop spectrophotometer (Shenzhen Threenh 
Technology Co., Ltd., China) and expressed in RGB (Red, Blue, and 
Green) coordinates.

2.10. Reflectance spectra

The raw reflectance spectra of the untreated GSEP and GSEB and 
GSEP and GSEB exposed to white light and its red-orange, yellow-green- 
cyan, and cyan-blue-violet components at the maximum irradiation 
times were recorded at 1-nm resolution from 360 to 780 nm using a UV/ 
VIS Lambda 35 spectrometer (PerkinElmer, USA) equipped with a 
Labsphere RSA-PE-20 integrating sphere.

2.11. Statistical analysis

All experiments were conducted in a minimum of triplicate, and the 
data are expressed as mean ± standard deviation. The results of the 
color analysis using the RBG system are an average of ten measurements. 
The experimental results were compared using one-way analysis of 
variance (ANOVA) and Tukey’s test using IBM SPSS Statistics 24 to 
assess the difference between the means, with a value of p ˂ 0.05 
considered statistically significant.

3. Results and discussion

3.1. Encapsulation efficiency and selection of the beads

Fig. 1 shows the wet and dry red grape seed extract powder–based 
beads. When fresh, the beads appear as individual spherical shapes with 
smooth, shiny, and wrinkle-free surfaces. The colors vary between white 
and light brown, depending on the ratio between the white (SA, WPC) 
and red-brown–colored (GSEP) raw materials. The absence of WPC in 
the 1:0:1:100 beads resulted in translucent capsules compared to the 
opaque appearance of the beads containing WPC. As the amount of 
extract added increased, the brown color of the beads became more 
pronounced. Upon drying, the GSEB turned brown, the polymer gel 
shrank significantly, and bead aggregation could be observed.

Table 1 summarizes the total polyphenol contents of the dried con
trol beads, GSEP, and GSEB, the encapsulation efficiency and the weight 
of dried GSEB resulting from each recipe (g). The encapsulation effi
ciency ranged from 75.19 % to 88.08 %, with no significant differences 
observed between values above 86 %. The lowest encapsulation effi
ciency was observed for the beads whose walls were entirely alginate 
(1:0:1:100). The hydroxyl and carbonyl groups in alginate can establish 
weak interactions, such as hydrogen bonds and Van der Waals forces, 
with the hydroxyl groups from the polyphenols in the grape seed extract 
(Pedrali et al., 2020). During the ionic gelation process, the spontaneous 
diffusion of GSEP from the beads into the calcium chloride solution may 
have occurred due to the porous nature of the alginate network and the 
water solubility of some polyphenols. Furthermore, the shrinkage of the 
beads during drying can cause gel syneresis and the expulsion of soluble 
polyphenols with the removed water (Pedrali, Scarafoni, Giorgi, & 
Lavelli, 2023).

In the presence of WCP, the anionic groups on the alginate molecules 
are linked to the cationic patches on the surfaces of the protein mole
cules (Zhang, Zhang, Zou, & McClements, 2016), forming a more 
compact three-dimensional network structure (Liu et al., 2023), thereby 
reducing the loss of polyphenols. Due to their multiple hydroxyl groups, 
the polyphenols from grape seeds show a special affinity for proteins, 
especially proline (Shi, Yu, Pohorly, & Kakuda, 2003). Because proline is 
abundant in whey protein concentrate, an increase in the encapsulation 
efficiency of WPC-containing beads is justified. In addition, the carboxyl 
groups of the tartaric, malic, or citric acids found in grape seed extract 
(Li et al., 2023) can form bonds with the amino groups in WPC and 
strengthen the hydrogel network. For example, adding 1 g of WPC 
(1:1:1:100) resulted in an improved encapsulation efficiency by 14.95 % 
compared to beads without WPC (1:0:1:100) enhancing it from 75.19 % 
to 86.43 %. WPC does not have a higher retention capacity for GSEP 
than alginate. As Table 1 shows, adding of 1 g of WPC to 1:1:1:100 beads 
to obtain 1:2:1:100 beads, increased the EE by 2.56 %, from 86.43 % to 
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88.64 %, although the results were not significantly different. When the 
1:1:1:100 beads were enriched with 1 g of sodium alginate to produce 
2:1:1:100 beads, the EE increased by only 1.00 % from 86.43 % to 87.29 
%, again with no significant differences between the results.

In the case of beads with the same ratio of wall components, adding 
more GSEP did not result in higher encapsulation efficiency. The EE of 
86.19 % obtained for 1:1:2:100 beads did not differ significantly from 
the EE of 86.43 % obtained for the 1:1:1:100 beads, with the excess 
GSEP removed during the rinsing of the beads. Yadav et al. (2019) has 
reported values of 58.25 % and 73.03 % for the encapsulation efficiency 
of GSE in whey protein concentrate and alginate, respectively. Pedrali 
et al. (2023) has reported an encapsulation efficiency of 82 % in pure 
alginate and 93 % in alginate combined with WPC to encapsulate the 
total polyphenols.

The beads prepared from SA:WPC:GSEP:water in the ratio 1:2:1:100 
(w:w:w:v) were selected for further investigations because they had the 
most favorable encapsulation parameters in terms of the amount of total 
polyphenols (13.21 mg GAE/g), encapsulation efficiency (88.64 %), the 
smallest amount of GSEB obtained (4.85 g), and the lowest consumption 
of raw materials.

3.2. Morphology and microstructure of GSEB

The morphology of the beads can influence the release of the coated 
polyphenols and the pharmacodynamic and pharmacokinetic proper
ties, affecting interactions with biological systems (Mutalik, Pandey, & 
Mutalik, 2020). Except for the sphericity factor, the beads shrank 

significantly in response to light (Table 2). Exposure to the white light 

Fig. 1. Appearance of raw materials, dry and wet beads at different ratios of alginate:whey protein concentrate:red grape seed extract powder:water (w:w:w:v). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Morphology of beads made from alginate-whey protein concentrate-red grape 
seed extract after light exposure.

Parameter Unexposed White 
light 
30 min

Red- 
orange 
light 
2 h 30 
min

Cyan- 
blue- 
violet 
light 
5 h 30 
min

Yellow- 
green-cyan 
light 
12 h

Area, mm2 2.08 ±
0.22a

1.93 ±
0.23d

1.96 ±
0.22c

2.01 ±
0.18b

1.97 ±
0.28c

Equivalent 
diameter, 

mm

1.63 ±
0.09a

1.57 ±
0.10d

1.58 ±
0.09c

1.60 ±
0.07b

1.58 ±
0.11c

Maximum 
Feret 

diameter, 
mm

1.75 ±
0.10a

1.69 ±
0.12d

1.73 ±
0.11b

1.72 ±
0.08c

1.72 ±
0.13c

Minimum Feret 
diameter, 

mm

1.56 ±
0.09a

1.49 ±
0.10d

1.49 ±
0.10d

1.53 ±
0.09b

1.51 ±
0.13c

Perimeter, mm 5.93 ±
0.38a

5.58 ±
0.35c

5.66 ±
0.37bc

5.70 ±
0.30b

5.88 ±
1.07a

Sphericity 
factor

0.06 ±
0.03a

0.06 ±
0.03a

0.07 ±
0.03a

0.06 ±
0.03a

0.07 ±
0.03a

Results are expressed as average ± standard deviation (at least 30 beads of each 
type were used to quantify the shape parameters). In each row, the mean values 
marked with different superscript letters are significantly different (p < 0.05).
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had the greatest effect on the area, equivalent diameter, maximum Feret 
diameter, and perimeter compared to those of the unexposed beads, 
with relative decreases of 7.21 %, 3.68 %, 4.49 %, and 5.90 %, 
respectively. The cyan-blue-violet light had the least influence on the 
area, equivalent diameter, and minimum Feret diameter, with relative 
decreases of 3.85 %, 1.44 %, and 1.92 %. The maximum Feret diameter 
was reduced by 1.14 % at the lowest extent by the red-orange light. The 
smallest decrease in the bead perimeter, 0.84 %, was observed upon 
exposure to yellow-green-cyan light, whereas the minimum Feret 
diameter had the highest reduction, 4.49 %, under exposure to white 
light and red-orange light.

These changes may relate to the water trapped inside the bead 

network. During the gelation process, the water molecules are retained 
by the Van der Waals attraction, hydrogen bonds, or ionic bonds. Under 
the influence of light, the energy level of the O–H bonds and their 
vibrational movements increase, potentially causing the hydrogen 
bonds between water molecules to weaken and break, shrinking the 
network. Furthermore, increasing the kinetic mobility of the polyphenol 
chains in the presence of reactive species (R•) (discussed in Section 3.3) 
could lead to chain breakage: shortened chains form and rearrange to 
form stronger bonds and a more densely packed core. Dehydration could 
also shrink the beads, but only in a small amount, because the temper
ature increases slightly until the end of the light exposure treatment. 
Exposure to light bands did not affect the sphericity of the beads 

Fig. 2. Appearance and Red, Blue and Green (RBG) color coordinates of red grape seed extract powder (GSEP) and red grape seed extract beads (GSEB) unexposed 
and after exposure to white light, yellow-green-cyan light, cyan-blue-violet light, and red-orange light: 
a. Digital photographs; b. Scanning electron microscope (SEM) images of shell and core of beads; c. RBG coordinates associated to GSEP; d. RBG coordinates 
associated cu GSEB; the values between the RBG coordinates, as well as between the treatments are significantly different (p < 0.05); the standard deviations of 
values ranged from 0.0307 to 0.0897 in GSEP, and from 0.0032 to 0.0070 in GSEB. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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compared to unexposed beads; no statistical differences were observed.
The digital photographs and SEM images of the beads are shown in 

Figs. 2a,b,c. The 40× and 100× magnifications were used to obtain SEM 
images to facilitate characterization of the surface and core. For unex
posed beads, a round shape without bursts, punctures, or concavities, 
with a granular surface, probably due to the granular structure of the 
extract powder, was observed. The core has a rough, compact, and 
cohesive structure. The fine cracks observed in the shell and core could 
be due to the bead drying process.

After light exposure, the beads remained spherical, although they 

were slightly less regular with a coarser morphology. The cracks in the 
shell became deeper, more numerous, and visible. There was no prop
agation of cracks into the core of the beads exposed to white light, red- 
orange light, and yellow-green-cyan light. Larger and deeper cracks 
were visible in the core of beads exposed to cyan-blue-violet light, 
suggesting a stronger structural rearrangement due to dehydration or 
depolymerization of polyphenol chains.

Fig. 2. (continued).
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3.3. Quantification of total polyphenols and flavonoids

The total polyphenol and flavonoid concentrations in the GSEP and 
GSEB exposed to white light and its red-orange, yellow-green-cyan, and 
cyan-blue-violet illuminants in the visible region are summarized in 
Table 3. Reductions in the TPC were observed in both GSEP and GSEB. 
After exposure to white light, yellow-green-cyan light, and red-orange 
light, statistically significant differences (p < 0.05) between the TPCs 
of GSEP and GSEB were measured: the highest values occurred in GSEB, 
demonstrating the shielding effect of the alginate–whey matrix. In the 
case of cyan-blue-violet light, no statistically significant differences in 
the TPCs were observed between GSEP and GSEB, either during expo
sure or at the end, which does not recommend encapsulation. The 
ranking of the impact of the investigated lights on the TPC yields the 
series white light (8.86 %) < cyan-blue-violet light (11.54 %) < yellow- 
green-cyan light (11.90 %) < red-orange light (13.18 %) for GSEP, and 
white light (4.34 %) < yellow-green-cyan light (8.21 %) < cyan-blue- 
violet light (8.90 %) < red-orange light (9.48 %) for GSEB.

Regarding the TFC in GSEP, significant differences (p < 0.05) be
tween the initial and final amounts occurred only with exposure to 
yellow-green-cyan light, white light, and cyan-blue-violet light. In the 
case of red-orange light, the differences were noted at the maximum 

exposure time and immediately prior. The flavonoids in GSEB were not 
affected by exposure to yellow-green-cyan light or white light, with 
experimental results showing no significant differences between the 
initial and final results. The impact of the investigated lights on flavo
noids resulted in the series yellow-green-cyan light (9.19 %) < white 
light (11.13 %) < cyan-blue-violet light (12.05 %) < red-orange light 
(15.82 %) for GSEP, and yellow-green-cyan light (8.31 %) < white light 
(9.46 %) < cyan-blue-violet light (9.99 %) < red-orange light (10.70 %) 
for GSEB. Regarding flavonoid protection, the encapsulation of red 
grape seed extract powder was not justified for exposure to white light, 
cyan-blue-violet light, and yellow-green-cyan light. The flavonoid con
centrations in GSEP and GSEB did not differ significantly during or after 
exposure. The protective effect of the alginate–whey protein concentrate 
matrix was expressed against red-orange light at the end of exposure, 
with a flavonoid content in GSEB 5.73 % higher than that of GSEP (p <
0.05).

The interactions between the polyphenols and white light or its 
component illuminants could explain the decrease in TPC and TFC. 
Generally, polyphenols are both reducing and pro-oxidating agents, 
depending on their structural characteristics and the electronic config
uration of the hydroxyl oxygen attached to the benzene ring. Some 
polyphenols absorb the photons of light of a particular wavelength 

Fig. 2. (continued).
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depending on their optical properties and enter an excited singlet state 
with a short life or an excited triplet state (T1) with a longer life due to 
the electronic transition between π-type molecular orbitals (Anouar, 
Gierschner, & Duroux, & Trouillas, 2012). When they return to the 
ground state, the energy is transferred to an oxygen molecule, gener
ating reactive oxygen species (ROS), such as H2O2, O2

− 1, HO− or 1O2. 
Other polyphenols, due to the increased tautomeric effects of the intra- 
or intermolecular H-bonding on the O–H groups around the benzene 
ring, generate four forms of resonance for the phenol molecule, three as 
hydroquinone cation radicals containing an unpaired electron in the 
ortho-, meta- or para-positions of the benzene ring, and one, the regular 
structure (Foti, 2007; Galleano, Verstraeten, Oteiza, & Fraga, 2010). 
These new structures can decrease the bond dissociation enthalpy of the 
O–H bond and increase the reducing activity of the molecule. The 
electronic configuration of the hydroquinone cation radical allows 
direct interactions with oxygen molecules that generate ROS, such as 
H2O2, HOO•, O2

− •, quinones, and semi-quinones.
Due to a combination of electronic and steric effects, some poly

phenols are more active than others, and in the presence of reactive 
species (R•), continue the chain reaction, generating more reactive 
species according to the reactions (Kanner, 2020): 

Ph − OH+(R • )→Ph − O • + reduced compounds (1) 

Ph − O • +O2→Ph = O+O2 •
− (2) 

Ph − O • +O2 •
− →Ph = O+H2O2 (3) 

Ph − OH+Ph = O→2Ph − O• (4) 

If the phenoxy radical is not sufficiently stable in a mixture with 
other polyphenols, for example in grape seed extract, will continue the 
chain reaction by attacking another polyphenol molecule (Kanner, 
2020): 

Ph − O • +Ar − OH→Ph − OH+Ar − O• (5) 

In contrast, some polyphenols act as scavengers of ROS and thus 
interrupt the chain reactions. The riboflavin, catechol, and galloyl group 
(gallic acid, chlorogenic acid, caffeic acid, protocatechuic acid), which 
can be found in grape seed extract, have been reported to be efficient 
ROS generators (Kanner, 2020). In contrast, due to their high tendency 
to donate H-atoms from their hydroxyl group at position 4′, rutin and 

catechin play dual roles as ROS scavengers and deactivators of the triplet 
excited state riboflavin quenchers, respectively (Ji & Shen, 2008).

The lower or higher impact of different illuminants on TPC and TFC 
in GSEP and GSEB resulted from the combined effects of the sample 
composition, energy provided to the sample by each illuminating band, 
and absorbed photon energy. Even if they are high energy, the yellow- 
green-cyan and cyan-blue-violet light were absorbed only in small 
amounts. Red-orange light, characterized by lower energy, was absor
bed in a larger amount and affected the TPC and TFC more strongly. In 
some cases, the alginate–whey protein matrix contributed to protecting 
the TPC and TFC. Despite their maximum absorption peaks in UV 
domain at 265 nm and 280 nm, the matrix can absorb small amounts of 
energy from incident VIS light and reduce the energy transferred to the 
encapsulated extract.

3.4. Quantification of cyanidin-3-O-glucoside

As the results in Table 4 show, cyanidin-3-O-glucoside deteriorated 
when exposed to light, likely due to the hydrolysis of the carbon atom at 
position C2, which opens its pyrylium ring and produces a chalcone 
structure (Norman, Bartczak, Zdarta, Ehrlich, & Jesionowski, 2016). In 

Table 3 
Total polyphenol and flavonoid contents in red grape seed extract powder (GSEP) and selected red grape seed extract-based beads (GSEB) upon exposure to light.

Exposure Duration of 
exposure

Total polyphenols in GSEP, mg 
GAE/g powder

Total polyphenols in GSEB, mg 
GAE/4.85 g beads

Total flavonoids in GSEP, mg 
CE/g powder

Total flavonoids in GSEB, mg 
CE/4.85 g beads

White light Unexposed 723.52 ± 22.50ai 723.52 ± 22.50ai 172.34 ± 8.39ai 172.34 ± 8.39ai

3 min 45 s 719.23 ± 18.34ai 721.01 ± 16.37ai 169.35 ± 6.84abi 170.02 ± 7.53ai

7 min 30 s 690.15 ± 13.94abi 699.29 ± 14.96ai 161.14 ± 6.25abi 164.12 ± 6.27ai

15 min 670.33 ± 14.21bi 690.38 ± 14.57ai 155.22 ± 6.21abi 159.09 ± 6.38ai

30 min 659.45 ± 13.19bj 689.39 ± 13.10bi 153.16 ± 6.19bi 156.03 ± 6.24ai

Red-orange light Unexposed 723.52 ± 22.50ai 723.52 ± 22.50ai 172.34 ± 8.39ai 172.34 ± 8.39ai

16 min 15 s 688.25 ± 20.65abi 698.08 ± 20.73abi 167.22 ± 5.85ai 170.35 ± 5.11ai

32 min 30 s 662.89 ± 16.84bci 677.01 ± 20.38abi 160.01 ± 3.55abi 165.44 ± 4.04abi

1 h 15 min 639.66 ± 19.91cj 662.33 ± 9.93bi 152.13 ± 3.09bcj 159.81 ± 3.34abi

2 h 30 min 620.15 ± 14.82cj 653.90 ± 15.00bi 145.09 ± 2.76cj 153.90 ± 4.65bi

Cyan-blue-violet 
light

Unexposed 723.52 ± 22.50ai 723.52 ± 22.50ai 172.34 ± 8.39ai 172.34 ± 8.39ai

41 min 15 s 698.78 ± 20.96abi 702.34 ± 21.07abi 168.18 ± 6.73abi 168.18 ± 6.71ab

1 h 22 min 30 s 663.64 ± 14.09bci 680.29 ± 15.85abi 165.44 ± 6.97abi 165.44 ± 5.89ab

2 h 45 min 650.11 ± 16.64ci 674.88 ± 16.60abi 159.23 ± 5.02abi 159.23 ± 5.97ab

5 h 30 min 631.04 ± 14.77ci 659.12 ± 15.56abi 151.58 ± 5.88bi 155.13 ± 4.59bi

Yellow-green- 
cyan light

Unexposed 723.52 ± 22.50ai 723.52 ± 22.50ai 172.34 ± 8.39ai 172.34 ± 8.39ai

1 h 30 min 700.23 ± 13.44abi 702.39 ± 21.28abi 170.02 ± 6.27abi 171.56 ± 7.60ai

3 h 670.11 ± 13.94bci 684.44 ± 13.76abi 162.76 ± 4.88abi 165.52 ± 6.69ai

6 h 657.18 ± 14.26ci 675.03 ± 13.30bi 158.92 ± 6.37abi 160.02 ± 4.98ai

12 h 637.45 ± 11.28ci 664.11 ± 11.75bj 154.50 ± 6.20bi 158.02 ± 5.10ai

a-c lowercase superscript letters in the same column of each treatment are significantly different (p < 0.05); i and j lowercase superscript letters in the same row for the 
same parameter are significantly different (p < 0.05); the total polyphenol concentrations in the beads are expressed as mg GA/4.85 g beads, where 4.85 g is the weight 
of beads obtained from selected recipe (see Table 1).

Table 4 
Total cyanidin content in red grape seed extract powder (GSEP) and selected red 
grape seed extract beads (GSEB) after light exposure.

Exposure Exposure 
time

Cyanidin 3-O- 
glucoside in GSEP, μg/ 
g powder

Cyanidin 3-O-glucoside 
in GSEB, μg/4.85 g 
beads

Non-exposed – 4143.92 ± 204.40ae 4207.15 ± 161.12ae

White light 30 min 3094.12 ± 123.87bf 3456.22 ± 114.90be

Red-orange 
light

2 h 30 min 3355.73 ± 128.78bf 3780.01 ± 151.24be

Cyan-blue- 
violet light

5 h 30 min 2195.10 ± 86.20ce 2201.77 ± 126.50de

Yellow-green- 
cyan light

1 h 30 min 2094.12 ± 93.16cf 3024.52 ± 107.35ce

a-d lowercase superscript letters in the same column for each exposure are 
significantly different (p < 0.05); e and f lowercase superscript letters in 
different rows for the same exposure are significantly different (p < 0.05); the 
cyanidin 3-O-glucoside concentrations in the beads are expressed as mg GA/ 
4.85 g beads, where 4.85 g is the weight of beads resulted from selected recipe 
(see Table 1).
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GSEP, the most consistent response was caused by the yellow-green- 
cyan and the cyan-blue-violet lights, which reduced the C3G concen
tration by 49.47 % and 47.03 %, with no significant differences between 
the results. The C3G in GSEP is less sensitive to white and red-orange 
lights, with concentrations reduced by 25.33 % and 19.02 %, respec
tively, with no significant differences between the results. Similar trends 
were observed for the C3G content of GSEB, with decreases of 47.67 % 
and 28.11 % under cyan-blue-violet light and yellow-green-cyan light, 
respectively, and 17.85 % and 10.15 % under red-orange light and white 
light. The predominant light absorption from blue to green explains the 
strongest impact of yellow-green-cyan and cyan-blue-violet light bands 
on C3G. Except for the exposure to cyan-blue-violet light, the exposure 
to the other light bands caused less effect on the cyanidin-3-O-glucoside 
in GSEB compared to GSEP, proving that it has higher stability under 
encapsulation due to the protection from oxidation provided by the 
alginate–whey protein matrix. C3G does not appear to be stable due to 
encapsulation upon exposure to cyan-blue-violet light: its concentration 
in GSEB did not differ significantly compared to GSEP. As in the case of 
TPC and TFC, encapsulation of red grape seed extract in alginate–whey 
protein concentrate did not protect C3G from degradation upon expo
sure to cyan-blue-violet light. Our results are consistent with the liter
ature reporting the stabilization of C3G encapsulated in casein or 
lecithin and cholesterol nanoliposomes under the action of white light, 
oxidation, and thermal treatment (Chi et al., 2019; Ouyang et al., 2020).

3.5. Color analysis

The results of the color analysis (Fig. 2d) show that the brownish-red 
color of the untreated GSEP results mainly from the presence of red 
components (127.71) mixed with blue (87.68) and green (64.09) com
ponents. Regarding the GSEB, the dark brown color results from a 
combination of much lower R(5.11), B(3.37), and G(4.55) values, which 
results from the dilution of grape seed extract with alginate, whey 
proteins, and water during encapsulation. The red compounds dominate 
the GSEB, but there are fewer blue compounds than green ones, unlike 
GSEP, probably due to the white color of the raw materials used in the 
matrix. The dominance of red compounds is consistent with the chem
ical analysis indicating high amounts of cyanidin 3-O-glucoside, the red 
compound dominant in red grape seed.

The exposure to light bands affected the color of the extract powder, 
which can be expressed by comparing individual RBG coordinates to 
their initial values, which indicates polyphenol degradation. The lowest 
values of the RBG color coordinates in GSEP were obtained from expo
sure to red-orange light, 119.12 for R, 79.33 for B, and 57.48 for G. 
Compared to untreated GSEP, the reductions were 6.73 % for red, 9.99 
% for blue, and 10.31 % for green, corresponding to an average RBG 
reduction of 8.43 %. The 30-min white light exposure of GSEP reduced 
the total RBG coordinates by 4.27 %, resulting from reductions in R, B, 
and G coordinates of 3.67 %, 4.63 %, and 4.98 %, respectively. After 12 
h of exposure to yellow-green-cyan light, the RBG triplet was reduced by 
3.99 %. The R coordinate accounted for the lowest reduction with 2.91 
%, followed by G at 5.49 % and B at 4.48 %. Exposure to cyan-blue-violet 
light for 5 h 30 min had the least impact on RBG coordinates, accounting 
for 2.24 %, 2.93 %, and 3.29 % for the RBG triplet, with an average of 
2.70 %.

The response of GSEB differed from that of GSEP during the light 
exposures (Fig. 2e). Except for exposure to cyan-blue-violet light, the 
intensity of the reddish shade increased. The highest value for the R 
coordinate, 5.79, was observed under red-orange light. Under cyan- 
blue-violet light, the R-value significantly decreased (p < 0.05) by 
2.84 %. These variations are consistent with the principle of absorption 
of complementary radiation. Red compounds absorb blue-to-green ra
diation and concentrate complementary color compounds due to their 
structural changes. Contrary to the principle of absorption of comple
mentary radiation, the intensity of blue compounds increased signifi
cantly (p < 0.05) under all lights except cyan-blue-violet. In addition, 

the intensity of the R coordinate decreased under exposure to cyan-blue- 
violet light and increased when GSEB was exposed to the other colored 
lights. These seemingly contradictory variations can be explained by an 
additional process: the release of bound polyphenols. Under the cyan- 
blue-violet or red-orange lights, the polyphenols bound in structures 
without absorption in the visible (VIS) domain were released and 
expressed their spectral features in the VIS range, explaining the higher 
measured R values.

The sums of RBG triplet also display different trends in GSEP and 
GSEB (Fig. 2d and e). For GSEP, the decrease in the RBG sum after 
exposure to lights compared to unexposed GSEP suggests that the 
polyphenol content decreased. For GSEB, exposure to cyan-blue-violet 
light decreased the RBG sum, whereas exposure to white, red-orange, 
and yellow-green-cyan lights resulted in increased RBG sums, suggest
ing the accumulation of free polyphenols, which is probably due to their 
release from bound-polyphenol structures. The RBG sums of the GSEP 
and GSEB exposed to cyan-blue-violet light decreased with identical 
values of 3.99 % compared to unexposed correspondent samples, indi
cating that the encapsulation of red grape seed extract is not supported. 
This agrees with the conclusion drawn from analyses of total poly
phenols, flavonoids, and cyanidin-3-O-glucoside, which did not recom
mend encapsulation of grape seed extract in an alginate–whey protein 
concentrate matrix because the differences between TPC, TFC, and C3G 
in GSEP and GSEB under exposure to cyan-blue-violet light were sta
tistically insignificant.

3.6. Reflectance spectra

3.6.1. Deconvolution of reflectance spectra
Deconvolution of reflectance spectra was conducted for qualitative 

and semi-quantitative screening of optically active compounds in un
treated and treated GSEP and GSEB. The procedure, illustrated on the 
raw spectrum associated with untreated GSEP, required the following 
steps:

(1) Savitzky–Golay filtering was applied to the acquired raw reflec
tance spectrum to remove background noise, using a third-order 
polynomial with a 25-point window. The baseline level of the 
filtered spectrum was zeroed with regard to the minimum 
reflection values. All spectra associated with light exposure dis
played a similar shape. The analysis of the unexposed GSEP 
filtered spectrum (Fig. 3a) indicates that the shift towards higher 
wavelengths is accompanied by higher reflectance values, with 
the color analysis also demonstrating the dominance of red 
compounds. Visually, in the GSEP and GSEB reflectance spectra, 
six or seven groups of colored compounds were identified (not 
always accurate), corresponding to the wavelengths for which the 
spectra showed local peaks.

(2) The accurate wavelength characteristics of the colored compound 
groups were extracted from the second-order derivative profile 
obtained after applying the Savitzky–Golay coefficients for a 
third-order polynomial with a 25-point window. Fig. 3b shows 
the second-order derivative profile computed from the filtered 
reflectance spectrum of unexposed GSEP. The seven minimum 
values around 405, 455, 509, 565, 626, 680, and 716 nm 
extracted from Fig. 3b correspond to the family of colored com
pounds in the GSEP samples (Table 5). Only six minimum values 
were identified in the GSEB samples, positioned at 404, 456, 508, 
568, 621, and 676 nm (Table 5). Only small amounts of com
pounds associated with the reflectance wavelength at 717 nm in 
the unexposed GSEP appear to be present, considering the low 
peak area value of 53.68. Their absence in the corresponding 
GSEB sample can be explained by dilution during encapsulation 
of the powder extract with alginate and whey or by the formation 
of complexes with whey–alginate, which are inactive in VIS 
domain. Compared to color analysis, which indicates the 
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presence of three groups of colored compounds using the RBG 
sum, the second-order derivative of filtered reflectance spectra 
differentiated seven (GSEP) or six (GSEB) families of colored 
compounds, indicating the composition of the samples more 
accurately.

Typically, two absorption clusters appear in the UV-VIS spectrum of 
anthocyanins in the region 260–280 nm in the UV band and 490–550 nm 
in the VIS region (Saha, Singh, Paul, & Sarkar, 2020; Chowdhuri et al., 
2021). Due to the complementarity of absorption and transmittance of 
light, the first region did not correspond to the reflectance in the visible 

region, while the second region corresponds to the reflectance region 
around 400–620 nm. The literature reports that methylated anthocya
nins are associated with a hypsochromic shift in their absorption to
wards lower wavelengths. The more pronounced the methylation is, the 
lower the absorption wavelength (cyanidin→peonidin→malvidin) (Saha 
et al., 2020). However, the acylated anthocyanins undergo a bath
ochromic shift in absorption to higher wavelengths, where an increase in 
the number of substituted hydroxyl groups accompanies the higher ab
sorption (pelargonidin → cyanidin → delphinidin) (Anouar et al., 2012). 
As a result of these hypsochromic and bathochromic effects, overlapping 
of the reflectance spectra of methylated anthocyanins and acylated 

Fig. 3. Processing of raw reflectance spectrum illustrated for unexposed red grape seed extract powder (GSEP): 
a. Filtered reflectance spectrum; b. Second-order derivative of filtered reflectance spectrum; c. Deconvolution of filtered spectrum; y – raw spectrum; g1-g9 – 
deconvolved Gaussian distributions, y(sum) - sum of the Gaussian distributions. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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anthocyanins might occur around 670 nm.
The reflectance band at 520–600 nm indicates the presence of sugar 

moieties attached to the anthocyanidin moiety, whose absorption 
occurred in the 400–450 nm range (Saha et al., 2020). Polymeric an
thocyanins were identified at 565 nm, suggesting self-association com
plexes because of the hydrophilic interactions between the glucose 
components of the corresponding anthocyanin molecules and the hy
drophobic repulsion between their aromatic nuclei and water 
(González-Manzano, Santos-Buelga, Dueñas, Rivas-Gonzalo, & Escri
bano-Bailón, 2008). This special co-pigmentation of anthocyanins has 
been reported to produce a hypsochromic effect (González-Manzano 
et al., 2008). The absorption of protein–tannin complexes at around 509 
nm (Aleixandre-Tudo & du Toit, 2018), corresponds to the 670–717 nm 
reflectance band. In addition to anthocyanins, the reflectance at 
550–650, 700–710, and around 680 nm corresponds to chlorophyll a 
(Gitelson & Merzlyak, 1996; Merzlyak, Solovchenko, & Gitelson, 2003). 
The absorption peaks around 627 nm and reflected around 450 nm could 
arise from chlorophyll b (Giovenzana, Civelli, Beghi, Oberti, & Guidetti, 
2015). Due to their various chemical structures, anthocyanins are found 
in all seven groups of colored compounds.

The minimum values of the second-order derivative are also dis
played for the minimum and maximum of the wavelength range, 360 
and 780 nm. In the VIS spectrum, they correspond to inactive com
pounds not involved in coloring the samples. For each previously 
determined wavelength, a Gaussian distribution was considered, char
acterized by a specific gain factor and a standard deviation value, both of 
which were initialized to 1 in the iterative deconvolution algorithm. For 
each wavelength of the reflectance spectrum in the range 360–780 nm, 
at a resolution of 1 nm, the reflectance was calculated as the sum of the 
reflectance of each component associated with the Gaussian distribution 
and the sum of the square differences (SS) between them and the cor
responding spectrum values. Applying the Generalized Reduced 
Gradient nonlinear optimization method (Microsoft Office, Excel), the 
optimal values of the multiplication factors and standard deviations of 
the considered distribution were calculated to ensure minimum SS(%) 
values. The values of the multiplication factors correspond to the dis
tribution areas considered characteristics of the optically active-colored 
compounds in the samples. Each deconvolution was run for 10 repeti
tions for untreated and treated samples.

The lowest values for the squared correlation coefficients between 
the reflection spectra and the sum spectra of the component distribution 

were 0.9998, while the SS(%) was 0.0112 %. These low values validate 
the deconvolution process. The values corresponding to the optically 
active compounds in the samples were subjected to inappropriate data 
removal tests, after which the mean and standard deviation values were 
calculated on a case-by-case basis (Table 5). Testing for extreme values 
was performed using the Grubbs test. The post-test variability results 
showed a relative standard deviation ranging from 0.15 % to 7.79 %, 
corresponding to an average mean of 2.56 %. As an example, Fig. 3c 
shows the deconvolution of the filtered spectrum presented in Fig. 3a.

3.6.2. Analysis of deconvoluted reflectance spectra
In the case of the unexposed GSEP, the highest peak area occurred at 

565 nm (Table 5). This group remained predominant regardless of the 
exposure type. The analysis of the peak areas of treated GSEP indicates 
that, with one exception, the peak areas corresponding to the wave
lengths of colored compound families have lower values than those of 
untreated GSEP, confirming the degradation of polyphenols suggested 
by the chemical analysis. The exception relates to GSEP exposed to red- 
orange light, where the peak area of 434 corresponding to 679 nm was 
slightly higher than the value 398.16 of the unexposed GSEP at the same 
wavelength, although the results were not significantly different. This 
difference might suggest that the colored compounds originating from 
other groups undergo structural changes after absorbing red-orange 
light, resulting in red-colored compounds whose characteristic wave
length is shifted towards 679 nm. The seven groups of colored com
pounds in GSEP are differently affected by the types of light to which 
they were exposed (Table 5). The highest and lowest impact of white 
light is seen for the compounds at 717 and 679 nm, with peak areas 
reduced by 27.09 % and 5.53 %, respectively. The red-orange light 
reduced the peak area at 627 nm the least and that at 717 nm the most, 
although there was an increase in peak area for the compounds at 679 
nm. The compounds at 719 nm were also reduced by the cyan-blue- 
violet light the most, 37.51 %, while those at 406 nm were reduced 
the least, 3.16 %. Under yellow-green-cyan light, reductions ranging 
from 2.36 % for the compounds at 679 nm to 28.92 % for compounds at 
717 nm were recorded. Considering the spectral component of the four 
types of light used for exposure, the results are consistent with the 
principle of absorption of complementary radiation.

The evolution of the peak areas assigned to the six colored groups in 
GSEB is shown in Table 5. The lowest areas were obtained from cyan- 
blue-violet light exposure, which could be considered the most likely 

Fig. 3. (continued).
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Table 5 
Areas of peaks from the deconvoluted reflectance spectra corresponding to colored compound groups in unexposed GSEP and GSEB, and GSEP and 
GSEB after light exposure.

a-d lowercase superscript letters in the same row for each wavelength are significantly different (p < 0.05).
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to cause intensive polyphenol degradation because its energy was the 
highest. The highest significant (p < 0.05) increases in the peak areas 
were obtained for the compounds at 404, 456, and 508 nm under white 
light and at 568, 621, and 676 nm under red-orange light.

Based on the sum of the peak areas of the identified compounds, the 
decreases that occurred in GSEP can be ordered as follows: yellow- 
green-cyan light (7.81 %) < white light (9.19 %) < cyan-blue-violet 
light (9.33 %) < red-orange light (10.66 %). In the case of GSEB, the 
sums of the peak areas were higher, 9.71 %, 14.60 %, and 1.93 % for 
exposures to white, red-orange, and yellow-green-cyan light, and lower, 
4.11 % for cyan-blue-violet light. The decreases in both GSEP and GSEB 
spectra caused by the effect of cyan-blue-violet light agree with the re
sults of the chemical and color analyses. The differences between other 
light exposures could have arisen from the complexity of the optically 
active compounds.

4. Conclusions

The study provides insights into the encapsulation of red grape seed 
extract powder in an alginate–whey protein matrix and the protective 
effect conferred by this matrix when the beads are exposed to white light 
and its red-orange, yellow-green-cyan, and cyan-blue-violet compo
nents. The ionic gelation of alginate, whey protein concentrate, red 
grape seed extract, and water in the ratio 1:2:1:100 resulted in the beads 
with the highest encapsulation efficiency, 88.64 %.

Exposing these red grape seed beads to light affected their 
morphology to different extents. Apart from the sphericity, which did 
not change, significant shrinkage occurred, suggesting a rearrangement 
of the structure to a denser packing. The initial fine cracks in the shells of 
the beads became deeper, more numerous, and more obvious after light 
exposure. Changes in geometry of beads upon light exposure could in
fluence the preservation of polyphenols in opposite ways. A denser 
structure inhibited light penetration and contributed to the protection of 
polyphenols inside the beads. On the other hand, the increase in the 
cracks number and depth in the shells of the beads promoted light 
penetration and a larger contact surface with inner polyphenols.

Regarding the total polyphenol and cyanidin-3-O-glucoside contents 
of the red grape seed extract and beads, their concentrations in GSEB 
were significantly higher than in GSEP at the end of exposure to white 
light, yellow-green-cyan light, and red-orange light, showing the pro
tective effect of the alginate–whey protein matrix. For flavonoids, the 
alginate–whey protein matrix was only effective against the exposure to 
red-orange light, with significantly higher values observed for GSEB 
compared to GSEP.

The reflectance spectra of the investigated samples were deconvo
luted and showed seven and six groups of colored compounds in GSEP 
and GSEB, respectively, while their ratios changed with different light 
exposures. The self-associations of anthocyanins and the co- 
pigmentation of anthocyanins with other co-factors helped explain the 
color attributed to unexposed and exposed red grape seed extract 
powder and beads. The reduction in the peak areas assigned to the 
wavelengths of the colored compounds in the GSEP and GSEB correlated 
well with the decreasing flavonoid and cyanidin-3-O-glucoside profiles 
after exposure to cyan-blue-violet light, as determined by the chemical 
analyses. By highlighting the optically active compound groups and 
providing evidence of co-pigmentation between anthocyanins or other 
molecules, the reflectance spectra can be used for semi-quantitative 
analysis of polyphenols.

From an industrial perspective, these findings are important in 
deciding whether to use red grape seed extract or red grape seed extract 
beads for food fortification. Such a decision should consider the com
pounds to be protected, that is, polyphenols, cyanidin-3-O-glucoside, or 
flavonoids, as well as the colors of visible light to which the fortified 
foods are intended to be exposed. Further investigation will be con
ducted on foods containing red grape seed extract beads that are 
exposed to light to understand the in vitro and in vivo release of 

polyphenols.
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