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Abstract

Citrus by-products are increasingly recognized as a valuable source of bioactive com-
pounds (BCs), particularly flavonoids. Their incorporation into food matrices as functional
ingredients aligns with sustainability goals and consumer demand for health-promoting
products. However, challenges such as poor stability and undesirable sensory properties
limit their direct use in food systems. This study aimed to develop and evaluate functional
cookies enriched with microencapsulated flavonoid-rich extracts derived from lemon and
orange peels. Flavonoids were extracted with hydroethanolic solvent and characterized by
HPLC-DAD. The extracts exhibited high total flavonoid contents: 1960.1 mg/L for orange
and 845.7 mg/L for lemon. The extracts were encapsulated using a 1% sodium alginate and
1.36% corn starch blend, producing thermally stable microbeads with flavonoid retention
higher than 85% after heating at 230 °C for 30 min. These microbeads were incorporated
into gluten-free oat and buckwheat cookies, delivering 166.11 mg/100 g (orange) and
177.13 mg/100 g (lemon) of flavonoids in the product, which covers approximately one-
third of the recommended daily intake. Sensory analysis using triangle tests (ISO 4120)
(n = 23) showed no significant difference (p > 0.05) between control and enriched cook-
ies, indicating successful masking of potential bitterness or astringency associated with
flavonoids. These results demonstrate the effectiveness of microencapsulation in protecting
citrus flavonoid-rich extracts and support the development of sustainable, health-oriented
bakery products. Moreover, this approach promotes the valorization of agro-industrial
by-products, contributing to a more circular food supply chain.

Keywords: upcycled ingredient; polyphenols; circular economy; microencapsulation;
sensory analysis; functional bakery products

1. Introduction

Citrus by-products represent a rich and underutilized source of high-value bioactive
compounds (BCs), particularly phenolic compounds, offering great potential for food
innovation and feedstock valorization [1,2]. Their reuse contributes directly to several
Sustainable Development Goals, including SDG 3 (good health and well-being), SDG 12
(responsible consumption and production), and SDG 13 (climate action). Therefore, efforts
are being made to increase the added value of food by-products through the production
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FUNCTIONAL INGREDIENTS
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of functional ingredients, thereby increasing the income derived from these by-products,
such as the extraction of specific BCs. Citrus fruit is a significant source of flavonoids in
the human diet, such as hesperidin, eriocitrin, nobiletin, and phenolic acids, including
ferulic acid, caffeic acid, and p-coumaric acid [3]. The consumption of these polyphenols
has been associated with multiple health-promoting bioactivities, including antioxidant,
anti-inflammatory, anticancer, antimicrobial, antiallergic effects, cardioprotective, and
antidiabetic, as well as gut microbiota modulation [4-6]. They contribute to the prevention
of chronic diseases and support long-term health [7,8]. Studies show that polyphenol-rich
diets (>650 mg/day) are linked to lower mortality, while lower intakes <500 mg/day show
higher mortality risk [9]. However, excessive intake (>1000 mg/day) from supplements
may raise safety concerns related to toxicity. Nevertheless, estimating actual intake remains
challenging due to the limited compositional data available for processed foods.

In addition to the health-promoting benefits, polyphenols offer a promising path
for food improvement due to their functional and technological properties (Figure 1).
Several studies have highlighted that polyphenols are promising natural alternatives
to synthetic additives, thanks to their inherent antioxidant and antimicrobial properties.
These BCs contribute to product stability by neutralizing free radicals, which helps preserve
freshness, color and flavor [10,11]. Additionally, their antibacterial activity inhibits the
growth of spoilage and pathogenic microorganisms, thereby extending the shelf-life of food
products [12].
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Figure 1. The potential effects of polyphenols in the food industry.

Despite their recognized antioxidant potential, polyphenols are highly susceptible to
oxidative degradation and sensitive to environmental factors such as heat, light, moisture,
and oxygen, which can compromise their stability and bioactivity [13]. Therefore, protecting
these compounds from environmental factors, such as heat, moisture, and oxygen, as
well as from degradation in the gastrointestinal tract, is essential. Moreover, the sensory
characteristics of liquid extracts, such as bitterness and astringency, can decrease consumer
acceptability, emphasizing the need for effective masking strategies [14]. Astringency is
a trigeminal sensation perceived as dryness, roughness, and tingling in the mouth, often
caused by tannins and organic acids. These compounds interact with salivary proteins,
especially proline-rich proteins, leading to precipitation, and may also activate G-protein-
coupled receptors or bind to oral epithelial cells. Bitterness, on the other hand, arises
from the activation of specific bitter taste receptors (TAS2Rs), of which humans possess
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25 TAS2Rs that enable the detection of a wide range of bitter-tasting molecules with
diverse structural properties [15]. Many polyphenols act as TAS2R agonists, even at
low concentrations, which may trigger negative taste responses and compromise the
acceptability of functional foods [16].

Microencapsulation has emerged as an effective strategy to improve the stability, sen-
sory masking, and handling of BCs, particularly polyphenols. It enables the transformation
of liquid extracts into dry, stable, and easy-to-handle powders for food applications and
storage at room temperature [17]. The literature data show that the encapsulation process
provides the formation of a barrier that may interfere with parameters such as temperature,
light, oxygen, and moisture, and maintain the stability of the encapsulated component. In
this way, it is possible to preserve the taste and aroma, mask the bad taste and odor and
increase the stability and bioavailability of sensitive substances. Mostly, alginates are used
as a coating material for encapsulation by ionic gelation. Alginate is accepted as a coating
material by the FDA (Food and Drug Administration) and the EFSA (European Food Safety
Authority). The most important advantages are that the product does not adversely affect
flavor during consumption and is resistant to both thermal and chemical processes [18]. To
test the ability of microencapsulation to prevent thermal degradation, Flamminii et al. [19]
conducted thermal analyses on freeze-dried microbeads, which revealed increased thermal
stability of encapsulated polyphenols.

Ionic gelation is the most widely used method for microencapsulation in the food sector
due to its simplicity, mild processing conditions, and use of food-grade biopolymers. In this
method, BCs are mixed with a carrier material, commonly sodium alginate, which is a food-
grade polysaccharide widely recognized for its gelling ability. When an aqueous solution
of sodium alginate is introduced into a calcium chloride solution, the divalent calcium ions
interact with the guluronate blocks of the alginate chains, inducing gelation and forming
spherical hydrogel beads with uniform size and structure. These alginate beads can entrap
sensitive compounds, protecting them from environmental and processing-related stress.
However, both sodium alginate and phenolic compounds are hydrophilic, which may
reduce encapsulation efficiency and limit the control of release profiles [20]. To improve
performance, other polymers such as starch, chitosan, or polyvinyl alcohol have been
studied for blending with alginate to modify the bead structure and enhance interaction
with the BCs [21]. The combination of alginate with starch as carrier, reinforce bead
structure and improve interactions with the BCs, thus enhancing encapsulation efficiency
and stability. In addition, potentially masking the gluten-free baked products represents a
promising and underexplored strategy to enhance the practical application of citrus extracts
in functional foods.

In parallel, consumer demand for “healthy,” “natural,” and “sustainable” products is
reshaping food consumption patterns and driving innovation in the food industry. There
is growing interest in functional foods that reduce synthetic additives and offer health
benefits beyond basic nutrition. This shift is enhanced not only by increased awareness
and affluence but also by the rising prevalence of food- and lifestyle-related diseases, such
as obesity, diabetes, and allergies. Consumers are increasingly attentive to the origin,
processing, and composition of food products, favoring options that support long-term
health, healthy aging, and environmental sustainability [22]. Agro-industrial by-products,
due to their rich composition and functional potential, represent valuable resources for
food innovation. Their incorporation into functional or nutraceutical products aligns
with circular economy principles, promoting sustainability, reducing food waste, and
contributing to zero-waste strategies [23].

The development of functional foods requires a clear understanding of the number of
bioactive compounds needed to achieve well-being. Equally important is compliance with
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current regulations governing food additives, such as Regulation (EC) No. 1333/2008 of
the European Parliament and the Council of the European Union (2008) [24]. Nevertheless,
many of these functional molecules are characterized by high reactivity and poor chemical
stability, which necessitates their use in encapsulated forms. Although these compounds
are known for their health-promoting properties, their addition into food products may un-
pleasantly affect sensory attributes, often resulting in undesirable bitterness or astringency
that can lead to consumer rejection.

This study aimed to incorporate flavonoid-rich extracts from lemon and orange
by-products into microbeads through ionic gelation and evaluate their application in
gluten-free functional cookies with at least one-third of the recommended daily intake of
polyphenols per serving. The extracts were encapsulated to enhance stability, protect their
bioactivity against thermal degradation and improve sensory properties masking possible
unpleasant taste and/or smell. The retention of flavonoids after baking and sensory accept-
ability were assessed to validate their potential as an innovative and functional product
based on circular economy concepts.

2. Methodology
2.1. Plant Materials (Lemon and Orange By-Products)

Lemon by-products (Portuguese Eureka variety), consisting of peels and pulps, were
purchased from a supermarket in May 2022, supplied by the Frusoal company, located in
the Algarve region of Portugal. The fresh lemon by-products were subjected to essential
oil extraction in a Clevenger apparatus at 100 °C for 2 h. The remaining by-products
were then frozen at —18 °C for a maximum of 1 week until further use for phenolic
compound extraction.

Orange by-products (Lane Late cultivar, PGI Algarve Citrus) were collected in May
2022 from juice squeezer machines (Speed S, Zumex®, Valencia, Spain) operating in
Continente® store (Matosinhos, Oporto, Portugal). These by-products consisted mainly
of peels with some residual pulps. After collection, they were transported under cold
chain conditions (within 2 h) and subjected to essential oil extraction by hydrodistilla-
tion in a stainless steel pilot-scale still (ESAC-IPC, Coimbra, Portugal). The remaining
peels were then frozen at —18 °C for a maximum of 1 week until further use for phenolic
compound extraction.

2.2. Lemon and Orange Flavonoids-Rich Extracts Development

Fresh ground lemon and orange by-products (in separated) were subjected to a hy-
droethanolic extraction using a 1:9 (m/v) solid-to-solvent ratio with 60% (v/v) ethanol. The
extraction was carried out under controlled magnetic stirring at 200 rpm, using 300 g of
sample, at room temperature (25-27 °C) for 50 min. The mixture was then centrifuged at
5000x g for 10 min at 4 °C using a ROTINA 420/420R (Hettich®, Tuttlingen, Germany)
centrifuge. The supernatant was collected and concentrated sixfold by reverse osmosis
(Pilot plant developed by ORM (Belas, Portugal) equipped with 2.5 S seawater pressure
vessel and a 1 m? Filmtec membrane SW302540 (Dow Chemical Company, Midland, TX,
USA). Subsequently, the ethanol fraction was evaporated at 40 °C under 175 mbar pressure
using a rotary evaporator R-210 (BUCHI, Flawil, Switzerland), yielding an aqueous liquid
extract used for further analysis.

2.3. Characterization of Flavonoids-Rich Extracts by HPLC-DAD

The phenolic compounds in the citrus extracts were identified and quantified using
a Waters Alliance €2695 separation module system interfaced with a photodiode array
UV /Vis detector 2998 (PDA 190-600 nm; Waters, Mildford, MA, USA). The separation
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occurred in a reversed-phase C18 column (Avantor® Alltima HP, C18-AQ (100 A°; 5 um;
4.60 mm; 250 mm), Radnor, PA, USA) at 25 °C. The mobile phase, gradient elution, and
data acquisition and analysis were prepared according to [25]. Briefly, the mobile phase
was composed of solvent A: water/acetonitrile/ TFA (94.9/5/0.1%) and solvent B: acetoni-
trile/TFA (99.9/0.1%) with the elution gradient: 0-1 min 0% B; 1-30 min 21% B; 30-42 min
27% B; 45-55 min 58% B; 55-60 min 0% B, and kept another 1 min at 0% B. Flow rate was
1 mL/min, the oven temperature was set as 25 °C, and the injection volume was 20 uL.
Data acquisition and analysis were performed using Empower 3 Chromatography Data
software (Build 3471, Database Version 7.20.00.00, Waters Corporation, Milford, MA, USA).
Detection was performed at 280, 320, and 350 nm, and phenolic compound identification
was achieved by comparing the retention times and absorbance spectra with those of pure
standards. Three independent analyses were performed, and the results were expressed as
milligrams per liter of dry extract (mg/L DE).

2.4. Total Flavonoids Quantification (Spectrophotometric Method)

Total flavonoids were measured using the aluminum chloride assay [26], with some
modifications. A known volume of extract was placed in a 10 mL volumetric flask. Distilled
water was added to bring the total to 5 mL, followed by the addition of 0.3 mL NaNO,
(1:20) (Carlo Erba Reagents, Val de Reuil, France). Five min later, 3 mL AICl; (1:10) (Sigma
Aldrich, St. Louis, MO, USA) was added. After an additional 6 min, 2 mL of 1 M NaOH
(Carlo Erba Reagents, Val de Reuil, France) was added, and the total volume was adjusted
to 10 mL with distilled water. The solution was thoroughly mixed, and the absorbance was
measured against a blank sample in a Shimadzu spectrophotometer (UV1601-Shimadzu,
Duisburg, Germany). Quercetin (USP reference standard, Sigma-Aldrich, St. Louis, MO,
USA) served as the standard for calculating the calibration curve. Samples were read at
410 nm, and the results are expressed in milligrams of quercetin equivalents per 1000 g of
product. The flavonoid content was calculated using the following linear equation based on
the calibration curve: y = 805.63x — 6.5079, R? = 0.9993, where x represents the absorbance,
and y denotes the flavonoid content in mg kg~!. Analyses for the determination of total
flavonoids were conducted in triplicate.

2.5. Microbeads: Development and Characterization

To identify the encapsulation carrier material that allowed to achieve beads with
(a) better efficiency to retain the extract during gelling in an aqueous environment, and
(b) low tendency to pack during the storage period, several blends have been tested:

e Na alginate solution (0.5, 0.8, 1.0, 1.2 and 1.5%) (B&V srl, Gattatico, RE, Italy);

e Na alginate solution with PVA (polyvinilalcol, A.C.E.F. srl, Fiorenzuola d’Arda, PC,
Italy) (0.5, 0.8 and 1%) [27];

e Na alginate solution with corn food starch (Maizena, Pancalieri, TO, Italy) (1.2, 1.36,
2.0%) [28];

The different solutions under study were passed through a Biichi Encapsulator B390
(BUCHI Labortechnik AG, Flawill, CH), a laboratory-scale instrument capable of produc-
ing microcapsules via extrusion and ionic gelation. In this technique, the solution to be
encapsulated flows through one or two nozzles, forming a laminar liquid jet which is
divided into micro-drops due to the action of superimposed vibrations. The frequency
of the vibration determines the quantity of drops produced per second. To separate the
micro-drops formed, an electrical charge is induced onto the surface of the droplets, which,
falling into a suitable solution, solidify. The size of the micro-drops produced depends on
the section of the nozzle chosen. Furthermore, by adjusting factors such as temperature
(in our conditions at 45 °C) and pressure, the operating conditions are optimized to obtain
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homogeneous beads. The nozzle diameter varies from 80 to 1000 pm, and the microcapsule
sizes range from 120 um up to 2.4 mm in diameter (Table 1). Table 1 displays the parameter
ranges for conducting tests. It indicates that each process can vary due to different factors;
for example, flow is controlled by pressure modulation, which is also affected by the fluid’s
viscosity and the operating and ambient temperatures. Therefore, these are guide values
that may fluctuate even within the same microencapsulation process.

Table 1. Microencapsulation operational settings.

Nozzle  Air Pressure Optimal Frequency  Electrode Size Range of

(um) (mbar) Range (Hz) V) Produced Beads (um)

80 500-1000 1300-3000 1000-2500 120-200

120 500-1000 950-2500 1000-2500 200-300

150 400-700 800-1800 1000-2500 260-350

200 400-700 600-1200 1000-2500 350-450

300 250-550 400-1000 1000-2500 550-700

450 250-550 200-900 1000-2500 700-1150

750 200-500 40-800 1000-2500 1150-1800
1000 200-500 40-650 1000-2500 1600-2400

The gelling solution consisted of calcium chloride 0.2 M (A.C.E.E srl, Fiorenzuola
d’Arda, PC, Italy). In addition, to extend the stability of beads, the gelling capacity of
chitosan from mushrooms (Bonding Chemical, Caty, TX, USA) was evaluated by adding
0.5% to the calcium chloride solution [29,30]. The tests that determined the choice of carrier
material and microencapsulation process conditions were conducted with lemon extracts.
The method efficiency evaluation was based not only on the percentage ratio between
encapsulated BCs and added BCs, but also on factors such as particle sphericity, avoiding
collapse phenomena, low sticking tendency during drying, size uniformity, and ability to
retain the active ingredients during drying.

The orange and lemon extract beads obtained with the optimal method based on
encapsulation efficiency were dried in a thermostatic chamber (Shaker Incubator Argolab
SKI4, Carpi, MO, Italy) in a thin layer at 40 °C for 12 h. This prevents the thermal degrada-
tion of BCs [31], and the dehydration level achieved (with an average weight loss of 95-97%)
also inhibits microbial growth during storage. The dried microbeads were then cooled
at room temperature and vacuum packed (Vacuum Packaging Machine—Model MIDY,
Parma, Italy) in flexible bags (Undivac 140—Cryovac, ElImwood Park, NJ, USA) designed
for resistance from O; and humidity. The packed beads were then stored in a laboratory
cabinet in the dark at room temperature and used within a week. Dried microbeads were
then analyzed for their total flavonoid content. Further, 0.8 g of dried beads rehydrated
with 15 mL of water were crushed for 5 min with a Coors™ porcelain pestle in a Coors™
porcelain mortar (Sigma-Aldrich, St. Louis, MO, USA). The resulting liquid fraction was
transferred to a paper filter (Whatman® prepleated qualitative filter paper for technical
use, Merck KGaA, Darmstadt, Germany). The residual solid fraction in the mortar was
subjected to three more consecutive extractions using alternately 15 mL of 96% ethanol
(VWR Chemicals, Fontenay-sous-Bois, France) and 15 mL of distilled water. The extracts
(60 mL) from the subsequent filtrations were then mixed and analyzed.

Production Cost Estimation

The estimation of microbead production costs was based on the calculation of chemical
and energy expenses plus overheads, which are considered 80% of the chemical and
energy costs, including waste management, equipment depreciation, labor costs, and other
expenses [32]. In addition, the costs of flavonoid-rich extract were calculated, as it is
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the most representative part of the microbeads. The key assumptions used to estimate
the production process costs are summarized in Table 2, considering a target output of
450 mL of flavonoid-rich extract and 27 g dried beads. Energy requirements were based
on the operating conditions of the laboratory-scale equipment used, while reagent costs
were calculated using market prices for high-purity laboratory-grade chemicals. Capital
expenditure (CAPEX) was not included in this estimation.

Table 2. Key assumptions used to assess the production process costs of 450 mL of flavonoid-rich
extract from orange or lemon by-products and 27 g dried microbeads.

Flavonoid-Rich Extract

Parameter . Microbeads Production
Production
Price Quantity Price (€/kW) Quantity
Energy 0.11€/kW ! 1.67 kW 0.17 €/kW 2 12.11 kW
. . Not
Citrus raw material considered 300.00 g - -
Ethanol 14.00 €/kg 1.62 kg - -
Ultrapure water 0.51€/kg 1.08 kg - -
Alginate - - 120.00 €/kg 9.00g
Calcium chloride - - 1.60 €/kg 1249 g
Overheads 80% of chemicals and energy costs

! Eurostat, statistics on electricity price for non-household consumers in Portugal [33]. 2 Eurostat, statistics on
electricity price for non-household consumers in Italy [33].

2.6. Development of Functional Cookies with Flavonoids-Rich Extracts

Gluten-free and nut-free cookie formulations were developed to ensure suitability
for individuals with gluten intolerance or nut allergies. Buckwheat flour and oat-based
ingredients were selected as the main components of the gluten-free cookie dough matrix
Table 3. All ingredients were mixed with water in a KitchenAid mixer until a homogeneous
dough was obtained. The dough was then flattened to approximately 0.5 cm thickness and
cut into portions with a final weight of approximately 10.5 g each.

Table 3. Formulation (%) of functional cookies enriched with orange and lemon polyphenol extracts
and control cookies (without extract).

Control Orange Lemon
Cookies Polyphenols Polyphenols
(CO) Cookies (OPCs) Cookies (LPCs)

Buckwheat flour 28.21 22.49 22.49
Oat flour and flakes 21.16 15.44 15.44
Cane sugar 16.93 16.93 16.93
Water 18.34 18.34 18.34
Corn seed oil 13.40 13.40 13.40
Chocolate chips 1.41 1.41 1.41
Baking powder 0.56 0.56 0.56
Dried beads with ) 11.43 11.43

citrus extract

The microencapsulated flavonoids-rich extracts derived from orange (Orange Polyphe-
nols Cookie—OPC) and from lemon (Lemon Polyphenols Cookie—LPC) were incorporated
into the base cookie formulation (Control Cookie—CC). The amount of microcapsules
added was calculated to provide approximately one-third of the recommended daily intake
of polyphenols (>500 mg/day), as suggested by Williamson and Holst (2008) [8]. This
corresponded to 14 g of dried beads per 100 g of final dry product. All cookie samples
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were baked in an Electrolux air-O-steam IMQGS oven (MARAN Projekt GmbH, Hamburg,
Germany) at 180 °C for 17 min. After baking, cookies were analyzed for their total flavonoid
content. For flavonoid extraction, 25 g of cookies were crushed with a Coors™ porcelain
pestle in a Coors™ porcelain mortar (Sigma-Aldrich, St. Louis, MO, USA). The resulting
powder was rehydrated with 60 mL of distilled water 50: ethanol 50 solution and crushed
again for 10 min, and transferred on a paper filter (Whatman® prepleated qualitative filter
paper for technical use, Merck KGaA, Darmstadt, Germany) and analyzed.

2.7. Sensory Analysis—Triangular Test

To assess the contribution of citrus flavonoid extracts to consumer acceptability, a
comparison was made between cookies without microcapsules and those enriched with
OPC and LPC extracts. This discriminatory method is used to determine differences or non-
differences between two products based on one or more sensory attributes. The standard
ISO 4120:2021 was applied [34]. Triangle tests were conducted to determine if there were
statistically significant differences between the products in the two types. The conditions
used to perform the tests set for difference were: o« = 0.05, 3 = 0.20, pd = 40%, where
o is the probability of concluding that a perceptible difference exists when it does not
(also known as type I error or significance level), {3 is the probability of concluding that
no perceptible difference exists when at least one exists (also known as type II error) and
pd is the proportion of the entire population of assessors able to distinguish between the
two products.

A panel composed of 23 subjects, trained to perform this analysis, was used to conduct
the test according to the standard ISO 4120:2021. Under the conditions adopted, the
minimum number of correct answers required for statistical significance of the test was 12.
To hide any possible color difference and focus the judges’ attention only on texture and/or
taste-related aspects, red lights were used during evaluation sessions. An evaluation session
was repeated under white solar light. The tests were conducted in single evaluation booths
under constant and controlled environmental conditions (temperature and humidity), using
dedicated facilities and equipment at the SSICA Sensory Analysis Lab, built and equipped
according to the UNI EN ISO 8589:2014 standard and accredited for the execution of the
main sensory tests [35] (Accredia Certificate n° 0122).

The triangle test involves presenting each subject with a triad consisting of two
identical samples and one different sample. The assessor is then asked to taste the products
from left to right and try to identify the odd sample. The booths assigned to the assessors are
prepared according to a randomized block pattern to use an equal number of the six possible
combinations of the two products compared. Samples were coded with a three-digit
number identifying the product and presented to each judge. The coding of the samples is
randomized, as is the order of presentation to the subjects. The subjects mustn’t be led to
identify the samples based on their presentation (same quantity, appearance, size, shape).
Data collection was conducted via terminals located in test booths, using dedicated software
(Fizz, Biosysteme, Couternon, France) that recorded the subjects’ responses directly.

2.8. Statistical Analysis

The data were presented as mean =+ standard deviation of at least three independent
experiments (n = 3). The statistical differences were investigated using a one-way ANOVA
test with Statgraphics Plus 2.1 software (Statgraphics Technologies, Inc., The Plains, VA,
USA), at a 95% confidence level, followed by Tukey’s test to control for multiple pairwise
comparisons at an alpha level of 0.05.
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3. Results and Discussion
3.1. Flavonoids-Rich Extraction

The identification and quantification of phenolic compounds by HPLC-DAD in orange
and lemon extracts are presented in Table 4. In contrast, the total flavonoid content (TFC)
of these extracts is outlined in Table 5. These citrus extracts contain a significant amount
of flavonoids, with orange exhibiting the highest total content (1960.1 mg/L), compared
to lemon extract (845.7 mg/L). These results are consistent with peer-reviewed studies
reporting that orange peels generally contain higher levels of phenolic compounds and
exhibit greater antioxidant activity compared to lemon peels [36,37]. In a recent solvent
extraction study, the highest total phenolic content (TPC) in orange peel extracts using
ethanol reached 387.7 mg gallic acid equivalent (GAE)/g, while lemon peel extracts reached
only 238.1 mg GAE/g with the same solvent, showing orange peels have a significantly
higher TPC [38]. Furthermore, a comparative study on fresh peels found that the total
phenolic content of orange peel (158.54 mg GAE/100 g) was notably higher than that of
lemon peel (114.58 mg GAE/100 g), and this trend remained consistent after different drying
processes, emphasizing the predominance of phenolic compounds in orange peels [39].
In addition, the major phenolic compound identified and quantified by HPLC-DAD in
orange extract was hesperidin (454.00 mg/L), followed by nobiletin (235.57 mg/L) and
neoeriocitrin (223.88 mg/L). In lemon extract, the major phenolics identified were eriocitrin
(357.30 mg/L) and hesperidin (100.98 mg/L). These results are consistent with previous
review articles describing hesperidin and polymethoxylated flavones, such as nobiletin, as
major constituents of orange peel, whereas eriocitrin is typically the predominant flavonoid
in lemon peel [40,41]. This is also in line with the study of Mateus et al. [42], who reported
hesperidin as the most abundant flavonoid in orange (2453.92 ng/g), while eriocitrin was
the major phenolic in lemon (1249.87 ug/g). However, the direct comparison of values
represents a limitation, since the studies report results in different units, making it difficult
for readers to compare the data directly. Nevertheless, a qualitative comparison clearly
supports the evidence of our conclusions.

Table 4. Phenolic content (mg/L; n = 3) by HPLC-DAD of orange and lemon flavonoids-rich extracts.

Compounds Orange Extract Lemon Extract
Hesperidin 454.00 + 16.00 100.98 £ 2.00
Narirutin 189.25 +7.01 -
Neoeriocitrin 223.88 £12.16 4713 £2.71
Eriocitrin 62.40 £2.73 357.30 + 2.45
Chlorogenic Acid 3.06 = 0.36 -
Caffeic Acid 10.29 £ 0.75 -
Sinensetin 2421 £0.77 -
Nobiletin 235.57 £ 6.19 -
Luteolin-7-O-glucoside - 30.57 £ 0.27
Apigenin-7-O-glucoside - 20.79 £ 0.35
Total Quantified (mg/L) 1206.66 + 45.97 556.77 £ 7.78

Table 5. Total flavonoid content (TFC) of orange and lemon flavonoid extracts (expressed in mg
quercetin eq./L).

Orange Extract Lemon Extract
Total flavonoid content (mg/L) 1960.1 £+ 123.33 845.7 + 58.61

The functional relevance of the main compounds identified here is twofold. From a
health perspective, hesperidin is widely associated with antioxidant, vasoprotective and
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anti-inflammatory activities; nobiletin, a polymethoxylated flavone abundant in citrus
peels, shows anti-inflammatory, neuroprotective and favorable lipid / glucose-modulating
effects; and eriocitrin, the predominant lemon flavonoid, exhibits strong radical-scavenging
capacity and antidiabetic potential [40]. Technologically, these flavonoids can enhance
oxidative stability in fat-containing bakery matrices and thus contribute to product quality
and shelf-life—particularly relevant for thermally processed goods, where compound
stability is critical [43,44]. In line with this, Imeneo et al. [45] demonstrated that biscuits
enriched with lemon pomace (rich in eriocitrin and hesperidin) had a higher phenolic
content and antioxidant activity, and displayed a longer induction period to lipid oxidation
than the controls, while maintaining acceptable sensory quality. Likewise, de Castro
et al. [46] showed that orange juice by-product flour, characterized by high phenolic content
and antioxidant potential, could be incorporated into cookies without detrimental effects
on technological or sensory properties. Together, these findings support the health-oriented
value of citrus flavonoids and their practical technological advantages when incorporated
into bakery products.

3.2. Micro-Encapsulation Tests

The initial tests enabled the determination of the optimal carrier material for producing
microcapsules to be inserted into bakery products (Figure 2). To increase the blend fluidity,
the solution and micro-encapsulator were kept at a temperature of 45 °C. Below are the
mixtures studied and the reasons for the carrier material choice:

e  Beads of Na-alginate: Sodium alginate at 1% resulted in the most efficient formulation.
Concentrations of 0.5-0.8% produced beads that were too soft and showed lower
compound retention, while concentrations higher than 1% did not flow well through
the nozzles and formed beads that were too hard. Confirming these observations, data
from the literature [47] state that for a low alginate concentration (<1.0%), the viscous
and surface tension forces are lower than the minimum ones required to counteract
the effect of impact and drag, and almost no spherical particles are formed, probably
due to the lack of enough carboxyl groups for gelation. This probably leads to higher
diffusion rates from the beads to the external media.

e  Beads of Na-alginate with starch: The beads produced with 1.36% corn starch had the
desired spherical shape and retained the compounds more effectively.

e  Beads with PVA (0.5, 0.8, and 1%): These beads collapsed to varying degrees, especially
upon dehydration.

e Beads of alginate with chitosan: In this case, chitosan was added to the gelling bath
(CaCl; 0.2 M + 0.5% chitosan). These beads exhibited the highest retention of active
substances during gelation; however, upon recovery from the gelling solution, they
lost their spherical shape and tended to stick together.

Regarding bead dimensions, different nozzles were tested. The smaller beads
(80200 um) compacted after drying, while the larger ones (300-750 pum) retained a grainy
texture, with granulometry between that of sugar and flour. The 750 pm nozzle was
selected. The 1% sodium alginate and 1.36% starch blend were identified as the most
effective with efficiency varying between 82 and 85.5%. It enables (a) minimizing the loss of
functional substances during the bead gelling process, (b) producing homogeneous beads,
and (c) drying the beads for later use as food ingredients. Finally, the beads obtained using
orange and lemon extracts with a 1% sodium alginate and 1.36% starch blend, and a 750 um
nozzle, were dried until a 97% weight loss was achieved.



Foods 2025, 14, 3346 11 0f 19
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Figure 2. Micro-encapsulation of citrus extracts: (A) Micro-encapsulator; (B) Fresh lemon beads; (C)
Fresh orange beads; (D) Dried lemon microbeads; (E) Dried orange microbeads.

After drying, the beads were analyzed for total flavonoid content (Table 6). During the
microencapsulation, it was observed that the phenolic compounds partially diffused into
the gelling liquid (aqueous solution of CaCl,). Nevertheless, the analysis conducted on the
dried beads revealed their suitability for use as a functional ingredient. To evaluate the
protective effect of the microencapsulation process against the heat treatment to which the
cookies were subjected, thermic treatments simulating the cooking process on pure lemon
extract and dried lemon beads (30 min at 180 °C and 30 min at 230 °C) were conducted to
check their suitability in baked products and any increase in heat resistance provided by
encapsulation (Figure 3).

Table 6. Total flavonoid content (mg quercetin eq. kg ') of oven cooking tests at 180 °C and 230 °C.

Lemon Dried Orange Dried
Lemon Extract Microbeads Orange Extract Microbeads
Before oven test 845.7 £ 58.61% 12,047.25 + 1036.87 2 1960.1 4+ 123.33 2 11,917.11 4 996.60 2
After 30" 180 °C 448.10 +23.79 ® 10,398.70 &+ 800.25 2 1034.38 + 113.82%  10,289.09 + 817.38 @b
After 30’ 230 °C - 11,234.37 +1073.24 2 - 10,094.70 + 720.53 ®
p-value 0.0004 0.1996 0.0007 0.0744

Notes: values are presented as mean =+ SD (n = 3). Differences between samples were analyzed using one-way
ANOVA followed by Tukey’s multiple range test. Within each column, values sharing different superscript letters
(a,b) are significantly different at p-values shown in the Table.

™~

Figure 3. Heat treatments of extracts and dried beads: (A) Extracts before heat treatments; (B) Extracts
after heat treatments at 180 °C; (C) Dried beads before heat treatments; (D) Dried beads after heat
treatments at 180 °C; (E) Dried beads after heat treatments at 230 °C.
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Tests indicate that after 30 min of heat treatment at 180 °C, the flavonoid content
of lemon extract decreased by an average of 47.01% (p = 0.0004), while no statistically
significant losses were observed in dried lemon beads (p = 0.1996) heat-treated up to
230 °C.

The results obtained for the flavonoid content in orange extracts after 30 min of
heat treatment at 180 °C showed a statistically significant decrease of 47.23% (p = 0.0007).
Furthermore, the significance letters shown in Table 6 indicate that a statistically significant
difference was found between the flavonoid content in microcapsules before heat treatment
and that of those heated for 30 min at 230 °C. Naturally, the color of the beads has undergone
notable browning, which must be taken into consideration when using them as ingredients.

Production Cost Estimation

The estimation of production costs for the flavonoid-rich extracts and the correspond-
ing microbeads is presented in Table 7. These values represent approximate laboratory-scale
calculations and should be interpreted as indicative estimates rather than absolute pro-
duction costs. The total cost of producing 450 mL of liquid-concentrated, flavonoid-rich
extract was calculated at 42.16 €/kg, while the microbead production stage contributed an
additional 5.60 €/kg, resulting in an overall cost of approximately 47.73 €/kg product.

Table 7. Laboratory-scale estimation of production costs for flavonoid-rich extracts and microbeads
(€/kg product).

Flavonoids Extract Production Microbeads Production
(€/kg Product) (€/kg Product)
Energy
Stirrer + Centrifuge + Reverse Osmosis 0.19 -
Buchii encapsulator + drying incubator - 2.01
Chemicals
Ethanol 22.68 -
Ultrapure water 0.55 -
Alginate - 1.08
Calcium chloride - 0.02
Overheads 18.72 2.49
Total cost per stage (€) 42.16 5.60
Total cost for production (£) 47.73

The cost breakdown reveals that ethanol was the primary contributor during the
extraction stage, accounting for 54% of the total extraction costs. This was followed by
overheads (44%), which were empirically defined as 80% of the sum of chemical and energy
costs to approximate labor, waste management, and depreciation. Energy consumption
during stirring, centrifugation, and reverse osmosis represented a comparatively minor
fraction. In contrast, the microencapsulation step was less costly overall, with energy use
by the encapsulator and drying incubator, as well as overheads, being the main contrib-
utors (80%). These indicate that the extraction process is the cost-limiting step under the
current conditions.

Compared to techno-economic analyses reported for the recovery of flavonoids and
hesperidin from orange peel, our laboratory-scale estimate is substantially higher. Restrepo-
Serna and Cardona-Alzate (2024) [48] reported that solvent extraction with 50% ethanol
achieved the best economic performance, with a positive net present value and a profit
margin of 45%. Similarly, Ortiz-Sanchez et al. (2021) [49] showed that integral biorefineries
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using orange peel to obtain pectin, essential oil, and polyphenols could only reach feasibil-
ity at larger scales, with costs strongly influenced by solvent use and energy integration. In
both cases, the main cost drivers were solvents and utilities, in agreement with our results,
where ethanol dominates the balance. Additionally, other studies have reported extremely
high production costs for phenolic-rich extracts, even when different plant matrices were
employed. Adeyi et al. (2022) [50] estimated a unit production cost of ~487 €/kg for
phenolic extracts from papaya leaves using heat-assisted extraction. Their analysis iden-
tified solvents (particularly ethanol), energy, ultrapure water, and overheads as the most
significant contributors, which is consistent with the cost structure observed in our study.
This further confirms that the use of laboratory-grade reagents and utilities, combined with
overhead assumptions, can markedly inflate costs at small scale. This is mainly due to the
reliance on laboratory-grade solvents and reagents, which are substantially more expensive
than food-grade or industrial alternatives. In addition, no solvent recovery was considered
here, whereas industrial processes typically include efficient ethanol recovery systems that
can significantly reduce consumption and associated costs. Furthermore, laboratory-scale
equipment is prone to lower yields and higher losses, which artificially inflate unit costs
compared to scaled-up operations.

These considerations emphasize that the values reported in this study must be in-
terpreted as an upper-limit scenario. In a realistic industrial context, the adoption less
expensive solvent for extraction, the solvent recovery, and optimized energy management
would substantially lower costs. Nevertheless, the estimated figures suggest that incor-
porating microbeads into low-cost bakery products, such as cookies, may face economic
constraints. More promising applications may lie in premium functional foods, nutraceu-
ticals, or clean-label formulations, where consumers are willing to pay a higher price for
added health benefits and sustainability credentials.

Overall, this preliminary analysis offers valuable insights into the cost drivers of
the process and underscores the importance of techno-economic assessments as a com-
plementary tool to laboratory research. Future studies should integrate pilot-scale data,
evaluate process scalability, and conduct sensitivity analyses on key variables such as
solvent price, recovery efficiency, and bead yield to establish the true cost-effectiveness of
flavonoid-enriched microbeads in food applications.

3.3. Flavonoids-Enriched Cookies Production and Evaluation

The cookies were analyzed to verify that, following the baking process, the technologi-
cal process used was able to preserve the required flavonoid content. The dark color of the
cookies was due to the presence of chocolate in the dough. At the same time, no visually
apparent differences were noted between the various formulations in terms of the presence
of orange or lemon beads (Figure 4). The three different types of cookie were evaluated in
triplicate for their total flavonoid content (Table 8). The amount determined per 100 g of
cookies (approximately 6 units) fully satisfies one-third of the daily dietary requirement.
The results confirm that microencapsulation effectively preserves the flavonoid content
from thermal degradation during the cooking process.

Table 8. Flavonoids enriched-cookies analysis (mg quercetin eq./100 g).

Orange Lemon
Polyphenols Polyphenols
Cookies (OPCs) Cookies (LPCs)

Control Cookies
(CCs)

Total flavonoids

- 166.11 & 37.36 177.13 + 24.99
(mg/100 g)
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cC

LPC

Figure 4. Flavonoid-enriched cookies: Control Cookie (CC), Orange Polyphenols Cookie (OPC) and
Lemon Polyphenols Cookie (LPC).

3.4. Sensory Analysis

Furthermore, the three cookies types were analyzed by means of sensory comparison
tests to investigate whether consumers could perceive the addition. The cookies OPC and
LCP were compared with the Control (CC) using the triangle test (ISO 4120:2021). Two
triangle tests were conducted: OPC vs. CC and LPC vs. CC. As stated, under the conditions
adopted, the minimum number of correct answers required for statistical significance of
the test was 12. In the triangular test of cookies enriched with orange extract, 6 out of
23 assessors (26%) identified the different sample within the triad of samples under red
light conditions while 5 out of 23 under solar light. In contrast, in the evaluation of cookies
with lemon extract beads, only 3 out of 23 assessors identified the different sample under
both lighting conditions.

The triangle test is a forced-choice procedure. Assessors are not allowed the option of
reporting “no difference”. An assessor who detects no difference among samples should
be instructed to select one randomly and to indicate that the selection was only a guess in
the scoresheet. The tables provided by the ISO standard for interpreting results consider
the possibility that one-third of the judges may identify the different samples randomly.
For both cookie formulations, the number of correct responses was below the minimum
threshold required to conclude that the samples were perceived as distinct, at a 95%
significance level. As expected, snacks enriched with microencapsulated extracts did not
significantly affect sensory perception (p > 0.05).

Recent research has increasingly focused on the development of cookies enriched with
functional ingredients derived from by-products of the food industry. Studies by [45,51-53]
have investigated the incorporation of powdered citrus peel and pomace, common by-
products of citrus processing, into shortbread cookie formulations. Sensory evaluations
from these studies revealed notable differences between enriched cookies and control
samples. Panelists reported perceivable changes in texture, color, and aroma/flavor. While
the addition of citrus by-products often negatively impacted texture and taste, the enhanced
citrus aroma was generally appreciated.

In contrast, our study employed an oatmeal-based cookie formulation enriched with
functional extracts via microencapsulation, alongside the inclusion of chocolate—an ap-
proach modeled after traditional commercial health cookies. This combination appeared to
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mask perceptible differences in sensory attributes effectively. In fact, panelists were unable
to distinguish between the control and the enriched versions during sensory evaluation. In
addition, in recent research the results obtained with polyphenols encapsulation and incor-
poration into bakery products (bread and cookies) [54,55] confirm our results. Polyphenol
encapsulation has proven to be an effective strategy for preserving antioxidant potential
and structural integrity during high-temperature processing without compromising the
technological quality or sensory acceptability of bakery products. These findings suggest
promising opportunities for expanding the range of baked goods with new, functionally
enriched formulations. Such diversification not only benefits consumers by offering more
variety and personalized options but also provides strategic advantages to food manufac-
turers. Enhanced product differentiation, along with the ability to respond to evolving
market demands, is a key driver for innovation in this sector.

4. Conclusions

This study demonstrated the feasibility of using citrus by-products, specifically lemon
and orange peels, as a valuable source of phenolic compounds for the development of
innovative functional foods. Through optimized hydroethanolic extraction and microencap-
sulation, flavonoid-rich extracts with high bioactive potential were successfully obtained.
Major compounds identified included hesperidin, eriocitrin, and nobiletin. To address the
limitations associated with polyphenol stability and sensory acceptability, microencapsu-
lation was performed using a sodium alginate and corn starch blend (1% + 1.36%) and
beads were produced with a 750 um nozzle. This formulation provided high structural
integrity, effective retention of flavonoids, and strong thermal resistance. After baking, the
flavonoid content in enriched cookies remained high, meeting approximately one-third of
the recommended daily intake. Therefore, the microencapsulation process ensured strong
thermal resistance and preserved the functional properties of flavonoids during baking.

Sensory analysis using triangle tests revealed no significant differences (p > 0.05)
between enriched and control cookies, suggesting that the inclusion of microencapsulated
citrus extracts did not produce perceivable differences under the test conditions. This
supports the suitability of the cookie matrix and the effectiveness of microencapsulation
in masking undesirable sensory characteristics. By preserving the functional properties of
flavonoids throughout processing, this study highlights the potential of microencapsulation
as a strategy for incorporating bioactive compounds into bakery products. The approach
demonstrates technical feasibility and aligns with sustainability goals by valorizing citrus
residues. It offers a clean-label, health-oriented solution that meets the expectations of both
consumers and the environment.

Nevertheless, some limitations should be acknowledged. This study did not include
functional assays such as bioactivities, in vitro food digestion, or other cell-based mod-
els to confirm the biological activity of the encapsulated flavonoids-rich extracts and/or
functional cookies. Future research should therefore focus on evaluating the bioaccessi-
bility and bioavailability of these products, as well as their potential health benefits in
conditions related to oxidative stress and inflammation. In addition, while the feasibility
of microencapsulation was demonstrated at the laboratory scale, the economic viability
for low-cost products such as cookies remains uncertain. A detailed techno-economic
assessment, considering solvent recovery, energy efficiency, and process scaling, will be
crucial for broader implementation within the food sector.

This work exemplifies the principles of a circular economy by transforming cit-
rus processing waste into a functional food ingredient with nutritional relevance and
market potential.
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