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Featured Application

Fruit extracts are rich sources of bioactive compounds, including vitamins, minerals, and
polyphenols, with functional properties such as antioxidant capacity. Their incorporation
into gummies presents a compelling strategy for nutritional fortification. This process
involves the extraction of these valuable compounds, followed by their stabilization. This
approach not only enhances the nutritional profile of gummy candies but also utilizes
natural ingredients, aligning with consumer demand for healthier food options.

Abstract

Gummy candies can be improved with some beneficial health properties by adding health-
ier ingredients such as fruit extracts rich in bioactive compounds. In this study, gummy
candies were fortified with orange peel extract at 7.5% (GC7.5) and 15% (GC15), obtained
using ultrasonic-assisted extraction. Hesperidin (53.83 and 122.80 pg/g) and narirutin
(9.32 and 20.98 pg/g) were found in higher concentration in gummy candies. After in vitro
gastrointestinal digestion (GID), the bioaccessibility of hesperidin was 100.3% and 83.4%
for GC7.5 and GC15, respectively, while for narirutin it was 99.15% and 80.58% for GC7.5
and GC15, respectively. In reference to antioxidant activity measure with 2,2-diphenyl-1-
picrylhydrazyl scavenger assay, the GID increased this capacity by 29.90% and 6.1% for
GC7.5 and GC15, respectively, whilst for ferric reducing activity power assay, the GID
reduced the antioxidant capacity by 6.46% and 9.97% for GC7.5 and GC15, respectively.
With regard to chemical composition, GC7.5 and GC15 reduce the moisture (2.49% and
5.74%) and protein content (5.84% and 10.23%) compared to control. The extract acts as a
coloring agent, while the pH and water activity were not affected by orange peel addition in
both GC7.5 and GC15. Consequently, these findings suggest that orange peel is a valuable
source of bioactive compounds, making it a promising ingredient for developing natural
food ingredients with antioxidant benefits.

Keywords: jelly candies; co-products; orange peel extract; in vitro digestion; fortification;
bioaccessibility; polyphenol profile; antioxidant activity
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1. Introduction

The global food scenery is undergoing a significant transformation, driven by a
growing consumer demand for products that offer health benefits beyond basic nutrition [1].
This change has given rise to the functional food market, which aims to integrate health-
beneficial bioactive compounds into everyday consumables. Among the most popular and
versatile foods that can be used as carriers of bioactive compounds is gummy candy [2].
Traditionally a simple confection, its widespread appeal, particularly to children and
those with a sweet tooth, makes it an ideal matrix for the delivery of health-promoting
ingredients [3]. Due to the palatability and simple composition of gummy candy, this
product makes the ideal candidate for the bioactive compound addition. Furthermore,
the sweet taste and pleasant, chewy texture effectively mask the often-unpleasant flavors,
aromas, and textures of many bioactive compounds, such as the bitterness of certain
vitamins or polyphenolic compounds [4]. This masking capability is particularly crucial for
reaching demographics that might otherwise be unwilling to consume health supplements
in tablet or liquid form [5]. Unlike other complex matrices, its low water activity and
ambient shelf stability make it a suitable host for a range of sensitive ingredients. The
production process, which involves a cooking step followed by cooling and setting, can
also be adapted to minimize degradation of heat-sensitive compounds. On the other hand,
gummy candies have a sugar content that normally exceeds 50% and also contain artificial
colors and flavors. These factors can cause consumer rejection, as they have been linked
to an increase in childhood obesity and the appearance of certain allergic reactions, as
mentioned by Gallo et al. [6].

To avoid these undesirable health effects of gummy candy consumption, a vast group
of bioactive compounds may be incorporated into gummies for their functionalization.
Beyond essential nutrients such as vitamins, proteins, and minerals, phytochemicals such
as flavonoids, carotenoids, and phenolic acids derived from fruits, vegetables, and herbs are
highly sought after for their functional properties [7]. In this sense, several studies reported
the addition of fruit, vegetable, and herb extracts into gummy candies. Thus, Al-Jaloudi
et al. [7] carried out a study to produce a functional gummy candy with high antioxidant
capacity by replacing table sugar and glucose syrup with honey and blueberry concentrate.
Similarly, de Oliveira Nishiyama-Hortense et al. [8] conducted a work to elaborate a gummy
candy fortified with grape juice which had a high anthocyanins content. More recently,
Younesi et al. [9] elaborated a gummy candy fortified with microencapsulated roselle
(Hibiscus sabdariffa) extract. These candies showed high antioxidant activity and a high
content of anthocyanins.

Among the fruits that show a high content of bioactive compounds in their compo-
sition are oranges, and Spain is one of the main orange producers in Europe. A part of
this production is used to obtain juice, which generates a large amount of co-products
formed mainly in the peel. The orange peel is rich in phytochemicals, mainly vitamin C
and flavonoids, including hesperidin, narirutin, and diosmin, among others [10]. This fact
makes this co-product a potential ingredient for food fortification, as long as extracts can
be obtained in a fast, easy, and environmentally sustainable way.

In this sense, the extracts may be obtained through new extraction technologies that are
more environmentally friendly. Therefore, the industry is continually exploring new tech-
nologies, among which ultrasound-assisted extraction (UAE) stands out. UAE allows for
more effective and faster extraction, with lower solvent consumption and less degradation
of sensitive compounds [11]. In this context, the extraction of bioactive compounds from
plant material, using UAE, is widely established in food, cosmetic, and pharmaceutical
industries [12-14].



Appl. Sci. 2025, 15, 11795

30f17

Despite these advances, a critical scientific gap remains in understanding how the
incorporation of plant-based bioactives into confectionery matrices affects their stability,
bioaccessibility, and functionality after digestion. Many studies focus on the enrichment
and antioxidant potential of fortified gummies before consumption [7-9]; but few have
evaluated the fate of these compounds during gastrointestinal digestion [15,16]. For all
the reasons mentioned above, the aim of this study was to determine the polyphenolic
compound content and the antioxidant properties of gummy candies fortified with orange
peel extracts, as well as to study their antioxidant activity and the release after undergoing
the in vitro gastrointestinal digestion process.

2. Materials and Methods
2.1. Plant Material and Reagents

Orange fruits (Citrus x sinensis) var. navel lane late were collected at the experimental
field station of Miguel Hernandez University in Orihuela, Spain, at the commercial ripening
stage. The harvest of the samples was performed in February of 2025. The fruits were
transported to the IPOA research group’s laboratory and brushed under running tap water
for 2 min. Then, the peel was manually separated from the pulp and blended for 30 s using
a vertical cutter. After that, the samples were lyophilized in a Christ Alpha 2—4 lyophilizer
(B. Braun Biotech., Melsungen, Germany) for 36 h. A grinder mill and sieves were used to
process the dehydrated peel into flour with a particle size of less than 210 pm.

Ethanol (1.00986), methanol (1.06018), calcium chloride (1.02378), sodium hydroxide
solution 1 N (1.09137), hydrochloric acid solution 1 M (1.09057), and formic acid (5.33002)
were acquired from Supelco (Bellefonte, PA, USA); Bile bovine (B3883) was purchased from
Millipore (Burlington, MA, USA); porcine pepsin solution (2000 U/mL; P7012), pancreatin
solution (100 U trypsin/mL; P7545, 8 x USP specifications), and acetonitrile HPLC grade
(34851) were obtained from Sigma Aldrich (Darmstadt, Germany). Fructose was obtained
from Santiveri S.L. (Barcelona, Spain); glucose (48647) was obtained from Sosa Ingredients
(Barcelona, Spain). Royal Professional Gelatin from animal origin with 240 bloom was
supplied by Mondelez S.L. (Madrid, Spain).

2.2. Production of Orange Peel Extract

The polyphenol-rich orange extract was obtained from lyophilized orange peel us-
ing sonotrode-assisted ultrasonic extraction with the Ultrasonicator UP400St (Hielscher
Ultrasonics, Teltow, Germany), operating at 400 W and 24 kHz, coupled to the 524d14D
probe (99 um). Briefly, 5 g of lyophilized orange peel was mixed with 500 mL of 80% (v/v)
hydroalcoholic ethanol, maintaining a solid-to-solvent ratio of 1:100. Before sonication, the
mixture was stirred magnetically for 1 min at 750 rpm. After calibrating the equipment,
ultrasonic energy of 43 J/mL was applied at 80% amplitude. Following sonication, the
sample was centrifuged at 7000x g for 5 min, vacuum filtered, and rotary evaporated to
concentrate the extract to 50 mL. The extract was vacuum filtered once more and stored
frozen at —20 °C.

2.3. Preparation and Fortification of the Gummy Candies

The fortification of gummy candies was performed with orange peel extract at different
levels: 7.5% (GC7.5) and 15% (GC15). For the elaboration of the control gummy candy,
glucose syrup (15% w/w), fructose powder (45% w/w), and water (5%w/w) were completely
mixed and heated at 60 °C for 24 h. Gelatin solution (10% w/w) was prepared by dissolving
the gelatin in distilled water (15% w/w) in a beaker at 25 °C and allowing it to swell for
5 min by absorbing water. The beaker was stoppered and placed at 70 °C for 10 min.
Finally, the mixture was cooled by stirring on a magnetic stirrer at 50 °C. In the last step,
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the gelatin solution was added to the previously prepared solution and mixed [17]. When
the temperature of the mixture decreased to 40 °C, the orange peel extract was added and
gently mixed for 3 min; the mixture was then poured into silicone molds. To elaborate
the fortified gummy candies, part of the water was replaced by water extract at the same
concentration. All samples were kept at 4 °C for 24 h to ensure the gelation process. Figure 1

shows the control gummy candies (A) and fortified gummy candies containing orange peel
extracts at 7.5% (B) and 15% (C).

Figure 1. (A) control gummy candies; (B) fortified gummy candies containing 7.5% of orange peel
extract; (C) fortified gummy candies containing 15% of orange peel extract.

2.4. Proximate Composition of Fortified Gummy Candies

Proximate composition of control and fortified gummy candies containing orange peel
extracts was determined using standardized methods recommended by the Association
of Official Analytical Chemists [18]. Moisture content was calculated by measuring the
weight difference before and after drying the samples in an ED 400 oven (Binder, Tuttlingen,
Germany) at 60 °C until a constant weight was achieved. Total ash content was analyzed
using a 10-PR/400 muffle furnace (Hobersal, Barcelona, Spain) at 550 °C for 5 h. Crude
protein was obtained using the Kjeldahl method in a Kjeltec System 2200 nitrogen distiller
(FOSS IBERIA, Barcelona, Spain) with a digestion block (FOSS IBERIA, Barcelona, Spain).
Fats were calculated by weight loss after a 6-cycle extraction with petroleum ether in
a Soxhlet apparatus. Total carbohydrates were calculated by subtracting moisture, fat,
protein, and ash from 100%.

2.5. Physico-Chemical Properties of Fortified Gummy Candies

The pH of the gummy candies was measured using a pH-meter Crison GLP 21 (Crison
Instrument S.A., Barcelona, Spain) equipped with puncture electrode probe and automatic
temperature compensation feature. Likewise, water activity (aw) was determined using a
Novasina Thermoconstanter Sprint TH-500 (Novasina, Pféffikon, Switzerland) at 25 °C. For
that, the gummy candies (20 g) were crushed in a coffee mill (Black + Decker, Tomson, MD,
USA) and placed in the capsules for measuring aw. The color properties of the gummy
candies were analyzed using a Minolta CM-700d spectrophotocolorimeter (Konica Minolta,
Osaka, Japan), equipped with illuminant D65 and 10° standard observer conditions, directly
on each sample. Color was measured using the CIEL*a*b* color space where L* is lightness
coordinate, a* is the red—green coordinate, and b* is the yellow-blue coordinate. From these
coordinates, the color differences were calculated using Equation (1).

A" =/ (AL*)2 + (8a™)? (Ab")? (1)
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The texture profile analysis (TPA) was performed in a TA-XT2i Texture Analyzer
(Stable Micro Systems, Surrey, UK). Each gummy candy sample was evaluated by applying
a 40% strain at a test speed of 1 mm /s, with a post-test speed of 5 mm/s and an activation
threshold of 0.049 N. The parameters determined were hardness (N), springiness (mm),
gumminess, chewiness (N x mm), and resilience.

2.6. Simulated In Vitro Gastrointestinal Digestion

Simulated in vitro gastrointestinal digestion was performed following the INFOGEST
harmonized protocol version 2.0 by Brodkorb et al. [19]. Prior to digestion, simulated oral,
gastric, and intestinal stock solutions were prepared. Briefly, approximately 15 g of samples
were ground using a coffee grinder until homogeneous pieces of about 0.2 x 0.2 x 0.2 cm
were obtained. Then, 2.5 g of the ground sample was mixed with 2.5 mL of simulated
oral solution (consisting of 2 mL oral stock solution, 12.5 uL CaCl,, and 487.5 uL distilled
water) and incubated in a rotary mixer (ELMI Intelli-Mixer™ RM-2S; ELMI; Riga, Latvia)
at 37 °C and 60 rpm for 2 min. Following the oral phase, the pH was adjusted by adding
100 uL of 1 M HCl and 4 mL of gastric stock solution. The simulated gastric solution was
then completed by adding 2.5 uL. CaCl,, 0.25 mL porcine pepsin solution, and distilled
water to a final volume of 10 mL. Samples were incubated under the same conditions as
the oral phase for 2 h. For the intestinal phase, the pH was immediately raised to 7.0 using
1 M NaOH after the gastric digestion. Then, 4.25 mL of intestinal stock solution, 20 uL
CaCl, (3 M), 1.25 mL bile bovine, and 2.5 mL pancreatin solution were added. The samples
were incubated under the same conditions as the gastric phase. After the intestinal phase,
samples were immediately centrifuged at 7000 x g for 10 min at 4 °C. The supernatants
were cleaned using C18 cartridges, eluted with acidified methanol, and transferred to
amber HPLC vials, which were then stored frozen (—20 °C) until further analysis. The
release of polyphenolic compounds was analyzed by determining the bioaccessibility index

(Equation (2)) [20].
Bioaccessibility Index (%) = BCS: 100 )
Y °) = BCP,

where BCSi is each individual polyphenolic compound in soluble fraction after intestinal

phase and BCPs is each individual polyphenolic compound in undigested sample.
The determination of polyphenolic compounds was achieved as mentioned in Section 2.7.

2.7. Polyphenolic Profile Analysis
2.7.1. Extraction of Polyphenolic Compounds

For the extraction of polyphenolic compounds from fortified gummy candies contain-
ing orange peel extracts before and after in vitro gastrointestinal digestion, the methodology
described by Lucas-Gonzélez et al. [21] was used. For that, the samples (2 g) were submitted
to two extraction steps in sequence; first with methanol-water (80:20 v/v) and then with
acetone-water (70:30 v/v). In each extraction process, samples were sonicated (12 min in
ultrasonic bath) and centrifugated (2300x g, 8 min and 4 °C). Both collected supernatants
were combined and then evaporated under vacuum. The dry extract was resuspended in
water and then purified with a C-18 Sep-Pak cartridge. The polyphenolic compounds were
collected in methanol-formic acid (0.99:0.01 v:v).

2.7.2. HPLC Analysis

A Hewlett-Packard HPLC series 1200 instrument (Woldbronn, Germany) equipped
with ultravisible-visible diode array detector and a Teknokroma Mediterranean seal8 col-
umn (C18; 250 x 0.04 mm, 5 um particle size; Teknokroma, Barcelona, Spain) was used. The
mobile phases were water—formic acid (99:1, v/v) as solvent A and acetonitrile as solvent
B. The working conditions were gradient elution at 1 mL/min, 20 uL of injected volume,
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and temperature of column 35 °C. Three wavelengths including 280, 320, and 360 nm
were used for the detection of polyphenolic compounds. The identification of compounds
was conducted by comparison of their retention time and absorbance spectrum with pure
standards. When standards were not available, the tentative identification was realized
consulting the literature available [22,23].

2.8. Antioxidant Properties

The antioxidant properties of undigested and digested extracts obtained from fortified
gummy candies containing orange peel extracts were analyzed using two different spec-
trophotometric assays, namely DPPH radical scavenging assay and Ferric ion reducing
antioxidant power (FRAP). The DPPH assay was carried out following the recommen-
dations of Brand Williams et al. [24], while the FRAP was analyzed using the potassium
ferricyanide ferric chloride method as described by Benzie and Strain [25]. The results for
both methods were expressed as pug Trolox Equivalent/g sample.

2.9. Statistical Analysis

The full process (orange peel extract production and gummy candy manufacture) was
replicated three times (three independent batches with 40 gummy candies per batch and
treatment). Each replication was performed on a different production day, and each batch
was analyzed in triplicate. The results were reported as average & standard deviation.
Statistical analyses were performed using the Infostat v.2020 statistical software package
linked to the R program version 4.4.1 [26]. Analysis of variance (ANOVA) test at p < 0.05
was performed for all the experimental variables using a generalized linear mixed model,
with concentration of extract added as fixed factor. If differences were found between
treatments, a mean comparison was made using Tukey’s test.

3. Results and Discussions
3.1. Proximate Composition of Gummy Candies

Table 1 shows the proximal composition of control and fortified gummy candies
containing orange peel extracts at 7.5 and 15%. Control gummy candy showed the highest
values (p < 0.05) for moisture and protein content. The addition of orange peel extracts
produced a reduction in these two parameters. The greater the addition of extract, the
greater the reduction, at least with the two concentrations tested. Consequently, the
GC15 had the lowest (p < 0.05) values for moisture and protein. On the other hand, the
carbohydrate content followed an inverse behavior to that observed for moisture and
proteins. Thus, GCC had the lowest (p < 0.05) value, while GC15 was the sample that
showed the highest (p < 0.05) carbohydrate content. It is important to notice that in all
analyzed samples (GCC, GC7.5 and GC15), no fat and ash were found. The moisture
content obtained in this work was higher than reported in several studies where fruit
extracts were added to fortified gummy candies [27,28].

Table 1. Proximate composition of control and fortified gummy candies containing orange peel
extracts at 7.5% and 15%.

Gcc!? GC7.5% GC15%
Moisture 59.22 + (.06 2 57.74 4+ 0.38 b 55.82 + 0.58 ©
Protein 6.84 +0.172 6.44 +020b 6.14 +0.07 ¢

Fat Nd Nd Nd
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Table 1. Cont.
Gccl GC7.5% GC15%
Ash Nd Nd Nd
Carbohydrates 33.94+021°¢ 35.82 + 0.88 P 38.04 £0.652

1 Values expressed as g/100 g of product mean + standard deviation (1 = 9). Nd: Not detected. GCC: gummy
candy control; GC7.5%: gummy candy fortified with orange peel extract at 7.5%; GC15%: gummy candy fortified
with orange peel extract at 15%. Values with different letters in the same row indicate significant differences
(p < 0.05) according to Tukey’s multiple range test.

3.2. Physico-Chemical Properties of Gummy Candies

The physico-chemical properties of control and fortified gummy candies containing
orange peel extracts at 7.5 and 15% are shown in Table 2. For pH, the values ranged between
5.23 and 5.28 with no statistical differences (p > 0.05) between samples. The pH values
were higher than reported for this type of product, varying between 3 and 5 [29]. For water
activity, no statistical differences (p > 0.05) were found between the control sample and
the samples fortified with orange peel extract at both concentrations. The results obtained
were higher than expected for this type of product, which fall between 0.45 and 0.75 and
are considered products with intermediate water activity as reported by Efe [30].

Table 2. Physico-chemical properties of control and fortified gummy candies containing orange peel
extracts at 7.5% and 15%.

Aw L* a* b* AE*

GCC 523 +0.042 0928 +£0.0032 69.64+0.782 —0.86+0.03¢ 473+0.25¢
GC7.5% 528 +0.022  0.935+0.001* 4386+ 174 —0.16+0.02P 19.04 +033b 27.73+2852
GC15% 526+ 0.012 0.932+0.001® 44.694+227° 0.01+0.032 2399+ 0482 30.19 +4.972

Mean =+ standard deviation (n = 9). GCC: gummy candy control; GC7.5%: gummy candy fortified with orange
peel extract at 7.5%; GC15%: gummy candy fortified with orange peel extract at 15%. Values with different letters
in the same column indicate significant differences (p < 0.05) according to Tukey’s multiple range test.

This probably resulted from the somewhat higher moisture content of samples which
may be due to the use of high concentrations of sugars such as fructose and glucose syrup,
which are highly hygroscopic and retain moisture in the matrix. At the same time, a high
concentration of gelatin was used, which may have provided a firmer three-dimensional
matrix that prevented the release of water during the gelling and drying processes. With
the values obtained in this study for pH and water activity, oxidative, microbiological, and
enzymatic processes are possible.

The visual characteristics of confectionery products, particularly their color, are a
primary determinant of consumer acceptance. The chromatic attributes of a food item
significantly influence gustatory perception, affecting taste thresholds and shaping the
expected palatability and hedonic response upon consumption [31]. This phenomenon
underscores the critical role of color as a sensory cue that preconditions the consumer’s
experience and overall evaluation of the product [4]. Table 2 shows the color results
obtained for the control and fortified gummy candies containing orange peel extracts at
7.5 and 15%. The control gummy candy, with a clear and opaque coloration, showed the
highest (p < 0.05) lightness (L*) values. The addition of orange peel extracts reduced the
values for this coordinate without statistical differences (p > 0.05) between GC7.5% and
GC15%. Several studies reported that the addition of fruit extracts in gummy candies
produced a reduction in L* values. Therefore, Heidari et al. [32] reported that gummy
candies fortified with grape extract had lower L* values than control sample. Similarly,
Ozcan et al. [27] reported a reduction in lightness values of gelatin-based jelly candies
containing purple basil leaf anthocyanin-rich extract. For the redness (a*) coordinate, the
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addition of orange peel extract increased (p < 0.05) the values in a concentration-dependent
manner. Also, both samples, GC7.5% and GC15%, had higher b* values (p < 0.05) compared
to control, and as a result, their color tended to be yellow. This is due to the orange-yellow
color of the orange peel extract. Regarding color differences (AE*), no statistical differences
(p > 0.05) were found between GC7.5% and GC15% samples. It is important to highlight
that in both samples, the color differences were higher than 5 units, which means that the
human eye could identify them as having a different color [33].

In reference to texture profile analysis (Table 3), the samples showed significant
differences (p < 0.05) for all texture parameters except for springiness. The control sample
showed the lowest (p < 0.05) values for hardness, adhesiveness, gumminess, and chewiness,
while it had the highest value for resilience. It is important to notice that, for all textural
parameters, no statistical differences (p > 0.05) were found between the samples fortified
with orange peel extract at 7.5 and 15%. As regards hardness, this behavior is similar
to that reported by Cedefio-Pinos et al. [34] in gummy candies fortified with rosemary
extracts and de Moura et al. [35] in jelly candies fortified with anthocyanin extract from
Hibiscus sabdariffa.

Table 3. Textural properties of control and fortified gummy candies containing orange peel extracts
at 7.5% and 15%.

GCC GC7.5% GC15%
Hardness (N) 2.17 £0.09P 2.58 4+ 0.09 2 258 4+0.122
Adhesiveness —0.56 +0.07b —1.19 +£0.062 —0.92 +0.044
Springiness (mm) 0.33 £0.03%2 0.27 £0.07 2 0.34 £0.032
Gumminess 2.00 £0.14b 248 £0.192 244 +0.172
Chewiness (N-mm) 0.69 + 0.08 b 090+0.122 0.80 £0.082
Resilience 1.03 £ 0.022 0.97 +£0.02b 0.95 +0.03b

Mean =+ standard deviation (1 = 9). GCC: gummy candy control; GC7.5%: gummy candy fortified with orange
peel extract at 7.5%; GC15%: gummy candy fortified with orange peel extract at 15%. Values with different letters
in the same row indicate significant differences (p < 0.05) according to Tukey’s multiple range test.

In reference to chewiness and gumminess (Table 3), which are defined as the energy
required to masticate a solid or semi-solid food to a state ready for swallowing, the obtained
results were similar to those reported by Ozcan et al. [27] in gelatin-based jelly candies
containing purple basil leaf anthocyanin-rich extract. This phenomenon could be due to
interaction between orange extracts components such as pectic and gummy matrix. As
mentioned by Gunes et al. [31] the texture profile of gummy candies is influenced by several
aspects, such as the elaboration process, water content, concentration and hydrocolloid
type use, sugar type, air content, as well as the presence of other compounds.

3.3. Polyphenolic Profile of Orange Peel Extracts and Fortified Gummy Candies

The polyphenolic profile of orange peel extracts is shown in Table 4. In orange peel
extracts, twenty-nine polyphenolic compounds were identified, eleven hydroxycinnamic
acid, twelve derivatives flavones, and six flavanones, with main compounds being hes-
peridin and narirutin (p < 0.05). These results agree with Lin et al. [23] and Niglio et al. [22],
who reported between 11 and 16 hydroxycinnamates and between 11 and 25 flavonoids,
mainly flavones and flavanones. Moreover, in the peel of three Indonesian orange varieties,
Anggela et al. [36] detected nine flavones, such as diosmin, orientin, and nobiletin, and
seven flavanones including hesperidin. Despite orange peel showing high diversity of
phenolic acids and flavones, the highest amounts were reported by flavanone compounds
(Table 4), which are the principal polyphenolic compounds in orange peel. Araujo Le6n
et al. [37] reported that the main flavonoid found in orange peel is hesperidin with a con-
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centration of 2.51 mg/g, followed by naringin, while Ramirez-Sucre et al. [38] mentioned
that hesperidin was found at highest concentration in orange peel extract with values of
6.42 mg/g. Niglio et al. [22], reported that narirutin and hesperidin were the predominant
flavanones in peel orange extract obtained after a non-thermal and solvent-free extraction
process, with values of 129.35 and 95.98 pg/mL, respectively. These values were lower
than those reported in this study. This fact can be due to different extractions methods and
the presence of ethanol as extractant, which improves polyphenol permeability from cell
to extractant.

Table 4. Polyphenolic profile of orange peel extract.

N° R.t Amax (nm) Tentative Identification Standard pse to Concentration ¥
(min) Quantify
1 10.8 300sh 314 p-Coumarate p-Coumaric acid 3.25+0.06 "
2 124 246 300sh 326 Ferulate Ferulic acid 8.14 + 045"
3 13.0 330sh 314 p-Coumarate p-Coumaric acid 15.16 + 0.32 80
4 13.5 242 292sh 320 Ferulic acid glycoside Ferulic acid 26.55 4+ 0.45 8
5 14.2 236 300sh 314 p-coumarate p-Coumaric acid 14.08 4+ 0.17 8"
6 14.5 240 298 326 Ferulate Ferulic acid 2754407418
7 15.5 242 300sh 328 Ferulate Ferulic acid 29.97 +0.39 f
9 16.1 236 290sh 314 p-coumarate p-Coumaric acid 11.47 +£0.87h
10 17.2 240 300 330 Feruloylcoumarate Ferulic acid 13.99 + 0.24 8"
27 280 240 328 Ferulate Ferulic acid 7.15 £ 0.04"
28 28.7 242 302sh 326 Ferulate Ferulic acid 14.3 £ 0.52 8"
11 17.5 236 272 334 Apigenin 6,8-di-C-glucoside Apigenin-7-O-glucoside 97.67 +18.19 4
17 21.7 270 340 Apigenin 6-C-glucoside Apigenin-7-O-glucoside 9.15+272h
19 21.9 268 340 Apigenin glycoside Apigenin-7-O-glucoside 5.36 +0.321
8 16.0 270 348 Diosmetin 6,8-di-C-glucoside Diosmin 13.64 + 0.44 80
13 18.2 258 270 348 Diosmetin glycoside Diosmin 21.89 + 054
14 18.9 258 268 354 Flavone Diosmin 1.62+0.1h
15 19.8 260 352 Flavone Diosmin 451 +297h
18 21.7 270 344 Flavone Diosmin 13.62 + 2.05 8h
20 224 270 348 Diometin glycoside Diosmin 11.64 + 1.36 1
22 23.7 264 354 Flavone Diosmin 8.67 £0.34 1
23 23.9 256 370 340 Luteolin 7-O-f3-D-glucoside Luteolin-7-O-glucoside 2121 +1.18h
24 25.5 252 264 346 Diosmin Diosmin 15.06 + 0.12 8"
12 17.8 234 284 336 Naringenin triglycoside Hesperidin 14521 £1.96 ¢
16 20.1 234 284 334 Hesperitin triglycoside Hesperidin 47.87 £5.02 ¢
21 22.5 280 334 Naringin Hesperidin 36.03 +7.21f
25 24.5 236 284 330 Narirutin Narirutin 375.80 + 7.16 ©
26 25.8 234 286 336 Hesperidin Hesperidin 149591 £9.65°
29 31.0 234 284 330 Didymin Hesperidin 149.57 £+ 3.65 ¢

¥ Values expressed as ug/mL of extract mean =+ standard deviation (1 = 9). Rt: retention time; values with different
letters in the same column indicate significant differences (p < 0.05) according to Tukey’s multiple range test.

Table 5 shows the polyphenolic compounds found in undigested gummy candies
containing orange peel extract at different concentrations. In control gummy candies, as
expected, no polyphenolic compounds were found, while in gummy candies fortified with
orange peel extracts at different concentrations, six flavanones detected on the orange peel
extract, four flavones and one hydroxycinnamic acid derivative were found.

At both concentrations, the main component found (p < 0.05) was hesperidin, followed
by narirutin. It is important to highlight that although sample GC15 had twice as much
added extract as sample GC7.5, the concentration of all polyphenolic compounds in this
sample was more than twice as high as that of sample GC7.5. In this sense, the polyphenol
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amount quantified in each enriched gummy candy was not in agreement with the theoretical
prediction, showing a lower amount than expected (Supplementary Table S1). The highest
recovery was shown by flavanones, with 62.14% and 71.39% for the gummy candy fortified
with orange peel extract at 7.5% and 15%, respectively, while the total polyphenol recovery
was lower than 45% on both fortified gummy candies. This might be because the thermal
process used in making gummy candies might affect these compounds causing their
degradation. It is also possible that the several polyphenolic compounds present in the
orange peel extract have bound to the proteins present in the gelatin, which would prevent
their extraction with the solvents used. These results are in line with those reported by
de Oliveira Nishiyama-Hortense et al. [8], who reported that jelly candies enriched with
violeta grape juice have lower anthocyanin concentration than both grape and grape juice.
Similarly, Enache et al. [39] reported that cornelian cherry fruit extracts obtained using
ultrasound assisted extraction process had a higher concentration of bioactive compounds
(phenolic acids, flavonoids, and Vitamin C) than the jelly candies enriched with this extract.

Table 5. Polyphenolic profile of fortified gummy candies containing orange peel extracts at 7.5% and
15% before in vitro gastrointestinal digestion.

Compound GCC GC7.5% 1 GC15%
Ferulic acid glycoside Nd 0.43 +£0.02° 0.85 4 0.15 b2
Apigenin-6,8-di-C-glycoside Nd 0.98 +0.09° 2.88 £0.45%
Diosmetin 6,8-di-C-glucoside Nd 0.36 +0.03° 0.83 £ 0.06 2
Diosmetin glycoside Nd 0.69 +0.09° 147 £0.052
Diosmin Nd 0.45 4 0.09 ° 117 £0.09°
Naringenin triglycoside Nd 218 £0.09 ¢ 550+£049°?
Hesperitin triglycoside Nd 0.53 £0.07 € 147 £0.042
Naringin Nd 0.48 +0.05" 0.81 £0.162
Narirutin Nd 9.32 +£1.09° 2098 £0.82°
Hesperidin Nd 53.83 £6.80° 122.80 +5.88°
Didymin Nd 3.58 £0.07 9.09 +0.242

* Values expressed as pg/g of gummy candy mean + standard deviation (1 = 9). GCC: gummy candy control;
GC7.5%: gummy candy fortified with orange peel extract at 7.5%; GC15%: gummy candy fortified with orange
peel extract at 15%. Nd: not detected. Values with different letters in the same column indicate significant
differences (p < 0.05) according to Tukey’s multiple range test.

Hesperidin and narirutin are bioactive flavonoids recognized for their significant
health-promoting effects. Both compounds exhibit potent antioxidant properties, reducing
oxidative stress and protecting cells from free radical damage [40]. Studies suggest that
hesperidin improves vascular function by enhancing endothelial activity and lowering
blood pressure, contributing to cardiovascular health [41]. Narirutin has demonstrated
anti-inflammatory and neuroprotective effects, potentially beneficial in preventing neurode-
generative disorders [42]. Furthermore, both flavonoids modulate lipid metabolism and
glucose regulation, supporting metabolic balance [43]. Their synergistic activity enhances
overall physiological resilience, making them promising candidates for functional foods
and nutraceutical applications targeting chronic disease prevention.

3.4. Polyphenolic Profile of Fortified Gummy Candies After In Vitro Gastrointestinal Digestion

In vitro gastrointestinal digestion models are essential tools in nutritional science for
studying the fate of food components during digestion. These models, which simulate the
physiological conditions of the mouth, stomach, and small intestine, provide a controlled
and reproducible environment to analyze the release and bioaccessibility of bioactive
compounds [44]. Unlike in vivo studies, in vitro models are cost-effective, high-throughput,
and do not require ethical approval. While they cannot fully replicate the complexity of the
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human gut environment, including the gut microbiome and host metabolism, they serve as
a fundamental first step in understanding and screening the bioavailability of bioactive
compounds [45]. Additionally, this process enables the determination of bioaccessibility,
defined as the fraction of a compound that is released from the food matrix and becomes
available for absorption in the small intestine [46].

The polyphenolic profile of control gummy and fortified gummy candies containing
orange peel extracts at 7.5 and 15% after in vitro gastrointestinal digestion is shown on
Table 6. Again, in control gummy candies, no polyphenolic compounds were detected after
in vitro gastrointestinal digestion, whilst in fortified gummy candies (GC7.5 and GC15) all
polyphenols identified in the undigested fortified gummy candies were detected again,
with the exception of apigenin-6,8-di-C-glycoside and naringin, which were not observed.
In both GC7.5 and GC15 (Table 5), the principal compounds identified were hesperidin and
narirutin (p < 0.05). In the case of GC7.5, the in vitro gastrointestinal digestion elicited a
significant decrease in apigenin-6,8-di-C-glycoside and diosmetin glycoside. On the other
hand, for GC15, apigenin-6,8-di-C-glycoside, diosmetin glycoside, naringenin triglycoside,
and hesperitin triglycoside were drastically reduced after the in vitro digestion process
(p < 0.05). These values were in agreement with those reported by Ozcan et al. [27], who
reported that, in gelatin-based jelly candies fortified with purple basil leaf anthocyanins,
the concentration of anthocyanins in intestinal phase decreased y baround 34%, and Liu
et al. [47], who reported that the anthocyanin content in gelatin and gellan gum gummies
fortified with blueberry extracts decreases from 42.4% of the initial amount to 30.1% after the
intestinal phase. The reduction in concentration can be attributed to the digestive process
and its different phases. During the digestion process, phenolic acids and flavonoids
may be released, degraded, and transformed because of their susceptibility. Thus, usually
glycosidic bonds of sugar moieties are cut during digestion. In addition, there might be
interactions with macromolecules like carbohydrates, peptides, or enzymes present in the
solution [48].

Table 6. Polyphenolic profile of fortified gummy candies fortified with orange peel extracts at 7.5 and
15% after in vitro gastrointestinal digestion process.

Compound GCC GC7.51 GC15

Ferulic acid glycoside Nd 0.61 £ 0.07" 120 £025%
Apigenin-6,8-di-C-glycoside Nd 0.20 £ 0.05°¢ 0.38 + 0.08 ©
Diosmetin 6,8-di-C-glucoside Nd Nd Nd
Diosmetin glycoside Nd 0.21 +0.08 4 0.51 £0.13°¢
Diosmin Nd 0.50 +0.10° 1.06 £0.09%
Naringenin triglycoside Nd 1.25+0.11°¢ 292 +0.53"
Hesperitin triglycoside Nd 0.47 +0.05°¢ 091 +£0.19°
Naringin Nd Nd Nd
Narirutin Nd 9.24 +0.93° 16.90 £3.03°
Hesperidin Nd 54.00 +5.322 10242 +9.11°P
Didymin Nd 418 +047° 8.47 £0.98°

* Values expressed as pg/g of gummy candy as mean =+ standard deviation (1 = 9). GCC: gummy candy control;
GC7.5: gummy candy fortified with orange peel extract at 7.5%; GC15: gummy candy fortified with orange peel
extract at 15%; Nd: no detected. Values with different letters in the same column indicate significant differences
(p < 0.05) according to Tukey’s multiple range test.

To exert their bioactivity, bioactive compounds must first to be bioaccessible, i.e.,
released from the food matrix and solubilized. The bioaccessibility index of polyphenolic
compounds found in fortified gummy candies containing orange peel extracts at 7.5 and
15% after in vitro gastrointestinal digestion is reported in Figure 2. In this work, results
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have shown that, for GC7.5, the bioaccessibility for ferulic acid glycoside, hesperetin, and
diosmin is higher than 100% with values of 143.06%, 116.92%, and 111.48%.
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Figure 2. Bioaccessibility index of polyphenolic compounds present in fortified gummy candies
containing orange peel extracts at 7.5 and 15% after in vitro gastrointestinal digestion. GC7.5: gummy
candy fortified with orange peel extract at 7.5%; GC15: gummy candy fortified with orange peel ex-
tract at 15%. For the same compound, histograms with different letters indicate significant differences
(p < 0.05) according to Tukey’s multiple range test.

On the other hand, for GC15, only ferulic acid glycoside had a bioaccessibility higher
than 100% (141.57%). This may be due to the fact that during the gummy candies’ formation
process, when orange peel extract is added, ferulic acid glycoside and other polyphenolic
compounds such as hesperidin and diosmin can bound to gelatin proteins, preventing
their release. However, the simulated digestion process does release these compounds and
allows their detection. The rest of the phenolic compounds identified have a bioaccessibility
lower than 100%, which indicates that during the digestion process, these compounds have
been degraded or lost. This fact might be caused by several factors including variations in
pH value, concentration of enzymes and bile salts, as well as for the temperature during
the gastrointestinal digestion progression [49]. In addition, throughout the digestion
process, flavonoids may have interactions with different food matrix components such as
proteins and carbohydrates [50], which causes a reduction in their bioaccessibility in the
last stage of digestion. Except for apigenin 6,8-di-C-glucoside and diosmetin glycoside,
which exhibited bioaccessibility indices below 50% in both fortified gummy formulations,
all other compounds demonstrated high bioaccessibility. Accordingly, the total polyphenol
bioaccessibility was 97.02% and 80.30% for GC7.5 and GC15, respectively.

3.5. Antioxidant Properties of Gummy Candies After and Before In Vitro Gastrointestinal Digestion

An analysis of antioxidant capacity is helpful for assessing how bioactive compounds
can protect the body from the damaging effects of free radicals and other oxidizing
molecules [51]. The antioxidant capacity of gummy candies fortified with orange peel
extracts at different concentrations and in vitro digested gummy candies, determined with
DPPH and FRAP assays, is shown in Figure 3. The gummy candies fortified with orange
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peel extracts showed antioxidant properties measured by both methods, as orange peel
extracts are characterized by powerful antioxidant activity [52,53]. Thus, it should be
considered that the addition of peel extract contributed to the antioxidant activity of the
gummy candies. In this work, the scavenging potential of polyphenolic compounds present
in GC7.5 and GC15 towards DPPH radicals (Figure 3A), before and after in vitro digestion,
was determined. With regard to undigested samples, GC7.5 showed an antioxidant capac-
ity, measured with the DPPH assay and FRAP assay, of 2.39 and 15.92 ug Trolox equivalent
(TE)/g sample, while in GC15, as expected, this antioxidant capacity was higher, with
values of 5.25 and 31.60 ug TE/g sample, for the DPPH and FRAP assays, respectively. The
antioxidant activity of gummy candy fortified with fruit or herbal extracts which have a
huge content of bioactive compounds, is widely analyzed. Thus, Jasmine and Surya [54]
informed that the antioxidant capacity of jelly candy fortified with orange peel extract at
3% produces an inhibition of DPPH radical of 82.36%. Similarly, Abinaya et al. [55] reported
that the fortification of gummy candies with red onion peel extracts at 25% resulted in a
DPPH radical scavenging activity of 29.75%, while in ABTS, radical scavenging activity the
antioxidant capacity was 12.74%. In a similar study, Teixeira-Lemos et al. [56] found that the
antioxidant capacity, measured with the DPPH assay, of gummy candies fortified with red
fruit puree (54.5%) or orange juice (86.2%) was 83.7 and 50.4 mg Trolox equivalent/100 g of
sample, respectively.

In reference to the antioxidant capacity of gummy candies after in vitro digestion
process, measured with the DPPH assay (Figure 3A), for GC7.5, digestion processes signifi-
cantly increased (29.90%) the antioxidant activity showing statistical differences (p < 0.05)
between undigested and digested samples. In the same way, for GC15, the antioxidant
activity was higher (p < 0.05) in digested than in undigested samples, with an increase in
antioxidant activity of 6.1%. In the FRAP assay, the results obtained (Figure 3B) showed
that no statistical differences (p > 0.05) were found between undigested and digested
gummy candies containing orange peel extracts at 7.5%. Nevertheless, for gummy candies
containing orange peel extracts at 15%, undigested samples had higher values (p < 0.05) for
the reducing power (+9.97%) compared to digested GC15%. The antioxidant activity of
fortified gummies, following the in vitro digestion process, depends on the method used
to measure them. Thus, DPPH indicates moderate antioxidant activity that increases after
digestion, while FRAP shows lower antioxidant activity that decreases after the digestive
process. This is related to the bioactive compounds released from the matrix, which have
a greater capacity to scavenge free radicals than to reduce metals. In the scientific litera-
ture, the antioxidant capacity of gummy candies, subject to a gastrointestinal digestion
process, has also been determined. Thus, Gorjanovi¢ et al. [15] reported that gummy
candies fortified with apple or beetroot pomace flour increased the antioxidant capacity
after the digestion process from 2.05 and 1.85 mmol TE/g to 2.72 and 3.03 mmol TE/g,
respectively, measured with the FRAP assay; whilst for the DPPH assay, apple and beetroot
gummy candies increased the antioxidant capacity from 2.20 and 2.40 mmol TE/g to 2.99
and 3.42 mmol TE/g, respectively. Rivero et al. [16] found that the antioxidant capacity
value obtained for the soluble faction of in vitro digestion of gummy jelly containing honey
and propolis was 3.33 mmol TE/kg, representing around 40% retention of the product’s
antioxidant capacity.

It is important to mention that after in vitro gastrointestinal digestion, the concentra-
tion of most polyphenolic compounds in CG7.5 decreases, with the exception of ferulic
acid glycoside, hesperetin, and diosmin. However, the antioxidant activity measured with
DPPH increases, suggesting that this activity could be associated with these compounds.
This behavior is also observed in the case of CG15, where only ferulic acid glycoside in-
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creases after in vitro gastrointestinal digestion, which is reflected in a smaller increase in
antioxidant activity.

In the case of FRAP, antioxidant activity decreases after in vitro gastrointestinal diges-
tion, coinciding with the reduction in the release of polyphenolic compounds, which estab-
lishes a clear relationship between polyphenol release and the ferric ion reduction capacity.
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Figure 3. Antioxidant capacity of gummy candies containing orange peel extracts at 7.5 and 15%
before and after in vitro gastrointestinal digestion. Mean =+ standard deviation (n = 9). (A) Measured
with DPPH assay. (B) Measured with FRAP assay. For the same assay and the same sample (GC7.5
and GC15), histograms with different letters indicate significant differences (p < 0.05) according to
Tukey’s multiple range test.

4. Conclusions

Orange peel extract can play a role of natural additive in the development of health-
ier gummy candies because it helps to improve the color and provides bioactive com-
pounds, mostly polyphenols, which provide antioxidant properties to gummy candies.
In addition, these antioxidant properties are maintained after the in vitro digestion pro-
cess of the gummies, in addition to showing important bioaccessibility of most of the
polyphenolic compounds.

For all the reasons mentioned above, orange peel extract can be considered a cheap,
sustainable, and viable alternative for the functionalization of gummies, making this
product healthier.
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//www.mdpi.com/article/10.3390/app152111795/s1, Table S1: Polyphenols recovery of fortified
gummy candies containing orange peel extracts at 7.5 and 15%.
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