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KEY CONTRIBUTION

Aronia puree significantly increased anthocyanin
and phenolic content, enhancing antioxidant
activity. Sucrose-based soft candies exhibited
higher anthocyanin content than low-calorie
alternatives. At 20 °C, aronia-based low-calorie
candies retained anthocyanins better than
sucrose-based versions. Cold storage preserved
anthocyanin content and antioxidant activity more
effectively than storage at 20 °C.
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ABSTRACT

This study developed nutraceutical soft candies enriched with
anthocyanins from pomegranate and aronia, utilising both
sucrose and a low-calorie sweetener system (erythritol and
sucralose). The impact of fruit source, sweetener type, and
storage temperature (4 °C and 20 °C for 90 days) on
anthocyanin stability and antioxidant properties was
investigated. Incorporation of aronia puree significantly
increased total monomeric anthocyanin content (TMAC) to
7401 mg C3G/100 g (sucrose-based, APS) and
67.88 mg C3G/100 g (low-calorie, APE), compared to
pomegranate-only formulations (15.25 mg C3G/100 g and
11.49 mg C3G/100 g in PJS and PJE, respectively (p<0.05). This
trend also applied to total phenolic content (TPC) and
antioxidant properties. The choice of sweetener strongly
influenced anthocyanin stability, with the low-calorie
erythritol-sucralose blend providing significant protection.
Kinetic analysis revealed longer half-lives (tx, 85.99 days for
APE and 52.80 days for APS at 4 °C). At 20 °C, low-calorie APE
retained significantly higher TMAC (p<0.05). Antioxidant
retention was primarily temperature-dependent, but it was
enhanced by the low-calorie sweetener, especially in aronia
puree-based candies, while the total phenolic content (TPC)
remained relatively stable. These findings demonstrate that
aronia puree and low-calorie sweeteners can synergistically
enhance the nutraceutical quality of these functional
confectionery products during storage.
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Introduction

The growing interest in health-conscious diets has led to increasing demand for functional foods that
satisfy cravings while providing nutritional benefits. Confectionery products, particularly soft candies,
present a valuable opportunity for nutraceutical enrichment. The incorporation of natural pigments into
soft candy formulations not only enhances their visual appeal but also contributes to their functional
properties through the addition of bioactive compounds, making them desirable to health-conscious
consumers (Cano-Lamadrid et al., 2020). Soft candies enriched with natural pigments such as
anthocyanins and other bioactive phenolics represent a promising alternative to conventional sucrose-
based products. Anthocyanins, a subclass of water-soluble flavonoids responsible for the red, purple,
and blue pigmentation in many fruits, are widely recognised for their antioxidant capacity and potential
health-promoting effects, including anti-inflammatory, anti-carcinogenic, and cardioprotective activities
(Ayvaz et al., 2022; Li et al., 2025). Recent evidence also highlights their role in modulating gut
microbiota, further underscoring their functional significance in preventive nutrition (Groh et al., 2020;
Kapoor et al.,, 2023). Fruits such as pomegranate and aronia are exceptionally rich sources of
anthocyanins. However, the reformulation of soft candies is technically challenging, as interactions
between fruit bioactives, gelling agents, and sweeteners are complex and can significantly alter the
stability and bioavailability of key nutraceutical compounds as anthocyanins (da Silva et al., 2016; Zhou
et al., 2018; Salar et al., 2022). The addition of fruit in pulp and juice form can significantly enhance the
nutraceutical profile of soft candies by introducing prebiotic constituents such as pectin and antioxidant
phenolics (Ali et al., 2021; da Silva et al., 2016), which are often absent in conventional candy products.
Concurrently, the use of low-calorie sweeteners, such as erythritol and sucralose offers a strategy to
reduce caloric content while maintaining desirable taste and texture (Efe and Dawson, 2022; Riedel et
al., 2015). A critical challenge in developing such functional confectionery is ensuring the stability of
bioactive compounds, particularly anthocyanins, which are highly sensitive to processing and storage
conditions. Factors such as temperature, pH, and the presence of other matrix components can lead to
substantial degradation through oxidative or hydrolytic reactions, ultimately diminishing both the health
benefits and visual quality of the products (Kaloudi et al., 2022; Tirkyillmaz et al., 2025). Previous
research on fruit-based products such as juices and jams, has demonstrated that both processing
methods and storage conditions markedly alter anthocyanin content and antioxidant activity (Lv et al.,
2024; Nowicka and Wojdyto, 2016; Scrob et al., 2022a). The intrinsic complexity of these polyphenolic
matrices means that interactions with other ingredients can either stabilise anthocyanins through
co-pigmentation or accelerate their degradation, underscoring the importance of evaluating both
anthocyanin content and antioxidant capacity over time (Salman et al., 2025). Therefore, the aim of this
study was to identify optimal strategies for enhancing nutraceutical integrity- specifically anthocyanin
retention and antioxidant properties-in soft candies as functional confectionery products. This was
achieved by elucidating the interactions among fruit source (pomegranate concentrate and juice, and
aronia puree), sweetener type (sucrose and erythritol + sucralose), and storage temperature (4 °C and
20 °C). In this regard, four different soft candy formulations were evaluated, enabling the development
of low-calorie soft candies enriched with phenolic bioactives, particularly anthocyanins, which serve as
natural colourants and potent antioxidants.

Materials and methods

Plant material, chemicals, and reagents
Pomegranate concentrate (cv. Hicaz) was obtained from Dimes Fruit Juice Factory (Turkey), and fresh
pomegranates (cv. Hicaz) were sourced from a local vendor in Canakkale. Organic aronia berries (cv.
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Nero) were provided by a producer in Yalova (Producer No: M-77-26). Stevia and sucralose were
supplied by Egepak (Turkey); gelatin (250 Bloom) by Benosen (Turkey); and erythritol and high acyl gellan
gum by Arisan (Turkey). Folin—Ciocalteu reagent, gallic acid, neocuproine, DPPH, and Trolox were
purchased from Sigma-Aldrich (Germany).

Pomegranate concentrate-based soft candy production

The soft candy formulations containing two anthocyanin sources and two sugar alternatives were
prepared (Table 1). First, gelatin and gellan gum were dissolved in pomegranate juice (extracted using a
juicer) or aronia puree (diluted 1:1 w/v with water and strained through cheesecloth). The gelatin
mixture was then added to a blend of pomegranate concentrate and sweeteners (erythritol with
sucralose or sucrose), to form a preliminary syrup. This syrup was cooked at 75 °C for 10 minutes with
constant stirring. The mixture was then poured into moulds to complete the gelation process and left to
set at 4 °C for 48 hours. After production, the physicochemical and nutraceutical properties of soft
candies were analysed.

Physicochemical properties of soft candies

Total Solids (TS), pH, and Titration Acidity (TA): Soft candies were dried at 70—80 °C to constant weight,
and TS content was calculated based on weight loss. The pH of the aqueous soft candy extract (1:5, w/w)
was measured at room temperature using a pH meter (Seven Compact 5210, Mettler Toledo, US). TA
was determined by potentiometric titration with 0.1 N NaOH, using the pH meter to monitor the
endpoint at pH 8.1, and the results were expressed as % anhydrous citric acid (AOAC Official Method
935,29 for TS, 943.02 for pH and 942.15 for TA; AOAC, 2000).

Colour: L* (lightness), a* (red/green), and b* (yellow/blue) parameters as colour values of the soft candy
samples were measured using a colourimeter (Minolta CR-400, Konica Minolta Sensing Inc., Japan)
based on the CIE colour system recording.

Bioactive compounds and antioxidant activity of soft candies

Total monomeric,anthocyanins content (TMAC): The pH differential method was used to determine
TMAC (Giusti and Wrolstad, 2001). An aqueous soft candy extract was diluted with buffer solutions at
pH 1.0 and pH 4.5, respectively. After a 30-minute incubation at room temperature (RT), the absorbance
difference (A) was calculated based on measurements at 520 nm and 700 nm. TMAC was determined
using Equation 1 and expressed as mg cyanidin-3-glucoside (C3G) per 100 g of soft candy.

(A)(MW)(DF) - 100

TMAC (mg C3G /100 g) = B0 (1)

Where:

A =(A520nm - A700nm)pn1.0 - (A520nm - A700nmM)pHa.s

MW = Molecular weight of C3G (449.2 g/mol)

DF = Dilution factor

€ = Molar extinction coefficient for cyanidin-3-glucoside (26,900 L/mol cm)

Total phenolic content (TPC): Ethanolic extracts (1:10, w/v, in 80% ethanol containing 0.01% HCl) were
prepared from the soft candy samples. Ethanolic extracts were mixed with Folin—Ciocalteu reagent and
sodium carbonate solution, respectively, then incubated at room temperature for 2 hours in the dark.
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The absorbance was subsequently measured at 765 nm. TPC values were calculated using a gallic acid
calibration curve and expressed as mg gallic acid equivalent (GAE) per 100 g of soft candy (Singleton and
Rossi, 1965). CUPRAC: Ethanolic extracts were mixed with copper (Il) chloride, neocuproine, and
ammonium acetate, respectively. After a 30-minute incubation under dark room conditions, the
absorbance was measured at 450 nm. Results are expressed as mg Trolox/100 g of soft candy (Apak et
al., 2004). DPPH: Ethanolic extracts (20—100 pL) were mixed with DPPH solution. After 15 minutes of
incubation in the dark at room temperature, the absorbance was measured at 517 nm. Results were
expressed as ICso (Mg), representing the sample amount required to inhibit 50% of the DPPH radical
activity (Benvenuti et al., 2004).

Temperature-dependent storage and anthocyanin degradation kinetics

Following production, the moulds containing the soft candies were sealed to ensure airtight and
moisture-proof conditions, and then stored in the dark at 4 °C and 20 °C for 90 days. Sampling was
performed monthly to assess the nutraceutical properties (TMAC, TPC, CUPRAC, and DPPH) of the soft
candies throughout the storage period. The degradation of anthocyanins in the soft candy formulations
during 60 days of storage at 4 °C and 20 °C was evaluated using a first-order kinetic model (Patras et al.,
2010). This model (Eq. 2) describes the decrease in monomeric anthocyanin concentration over time,
where G is the initial concentration, Cis the concentration at time t, and k is the rate constant. The k
values were obtained from the slopes of the regression lines derived from the logarithmic changes in
anthocyanin content over time at each storage temperature. The rate constants were calculated by
multiplying the slope by 2.303 (Eq. 3). The half-life t(;/;) of anthocyanin degradation was also determined
based on the rate constant (Eq. 4).

In (CC—O) = —kx (2)
k = slope x 2,303 (3)
ti2 = In(0,5) (4)

Sensory analysis

The sensory properties (flavour, appearance, and overall acceptability) of the pomegranate-based
samples (concentrate + juice) were assessed by 66 panellists using a 7-point hedonic scale (1: dislike very
much, 7: like very much) (Meilgaard et al., 1999). All participants were fully informed about the purpose
of the study and provided written consent before participation. No personal identifying information was
collected, ensuring confidentiality.

Statistical analysis

All experiments were conducted in triplicate, and the results were expressed as mean * standard error
(SE). The data were analysed using analysis of variance (ANOVA), and significant differences between
means (p<0.05) were determined using Tukey’s test. A full factorial design was applied for statistical
evaluation using JIMP® Pro software (version 18.0.2, JMP Statistical Discovery LLC, Cary, NC, US).

Results and discussion

Developing low-calorie soft candy formulations using pomegranate concentrate and juice
Control group: A preliminary evaluation was conducted to determine the sucrose-containing control
group. Twelve formulations (n=12) with varying proportions of pomegranate concentrate (25-50%),
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pomegranate juice (18-40%), sucrose (17-45%), and gelatin (5-15%) were tested (data not shown). In
selecting the optimum formulation for the control group, key objectives were identified for the
subsequent stage: achieving at least a 30% reduction in caloric value, maximising anthocyanin content,
ensuring a balanced sugar-to-acid ratio, and maintaining adequate gelatin solubility during production.
Based on these criteria, the control formulation was defined as pomegranate juice-based soft candies
with sucrose (PJS), consisting of 24.0% pomegranate concentrate, 38.0% pomegranate juice, 28.5%
sucrose, and + 9.5% gelatin.

Erythritol concentration: Erythritol is a naturally occurring sugar alcohol (polyol) present in various fruits,
providing about 60-70% of the sweetness of sucrose. It delivers a mild cooling sensation without any
aftertaste and contributes negligible caloric value (Mazi and Stanhope, 2023). To match the sweetness
level provided by sucrose in PJS formulation, an equivalent sweetness intensity was achieved by
substituting sucrose with a polyol (erythritol) in combination with sucralose and/or stevia. One of the
major challenges in developing low-calorie formulations is the risk of crystallisation associated with high
erythritol concentrations. Erythritol exhibits moderate water solubility (¥~37% w/w at 25 °C) and very
low hygroscopicity, both significantly lower than those of sucrose (~*67% w/w at 25 °C) (Perko and
DeCock, 2006). Based on this, soft candy formulations containing different concentrations of erythritol
(20-40%) were tested and evaluated for crystallisation (Fig. 1). Crystallisation onset was observed at
erythritol concentrations of 30% and above. Therefore, to avoid potential crystallisation problems
during storage and consumption, the erythritol concentration was limited to 20% in the final low-calorie
formulations.

A B C

Figure 1. Soft candy formulations containing different concentrations of erythritol:
(A) 20% erythritol; (B) 30% erythritol; (C) 40% erythritol

Low-calorie formulations: Accordingly, sucrose-equivalent sweetness was achieved using erythritol in
combination with sucralose and/or stevia. Subsequently, PJS was used as the base formulation, and
three different low-calorie formulations were developed using these sweeteners either alone orina 1:1
(w/w) combination: pomegranate juice-based soft candies with erythritol PJE), stevia, PJE: stevia
+ sucralose, and PJE: sucralose. The sensory acceptability of the low-calorie formulations, as well as the
control group (PJS) is given in Table 2. No significant differences (p>0.05) were observed among PJE:
stevia + sucralose, PJE: sucralose, and the control (PJS) in terms of flavour, appearance, and overall
acceptability. The overall acceptability scores of the two low-calorie formulations remained within the
5-6 range, indicating that panellists found them pleasant and acceptable. Furthermore, in terms of
preference, PJE: sucralose was the most favoured formulation, chosen by 52% of the panellists, followed
by PJE: stevia + sucralose with 44% (data not shown). Among the low-calorie formulations, PJE: stevia
was the least preferred in terms of all sensory properties (p<0.05). Although stevia is a widely used
natural sweetener, its application as a primary sugar substitute is often limited by its characteristic bitter
aftertaste (Lemus-Mondaca et al., 2012; Moazzem et al., 2025). These sensory challenges may have
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contributed to the comparatively lower acceptance of the PJE: stevia formulation observed in the study.
Based on these findings, PJS was selected as the control group formulation and PJE: sucralose, was
chosen as the low-calorie alternative for further formulations incorporating aronia puree as an

alternative anthocyanin source (Table 1).

Table 1. Formulation of pomegranate concentrate-based soft candies (%, w/w)

Formulation PJS APS PJE APE
Pomegranate Concentrate 23.72 23.72 26.20 26.20
Pomegranate Juice 38.00 - 4191 -
Aronia Puree - 38.00 - 4191
Sucrose 28.46 28.46 - -
Erythritol - - 20.95 20.95
Sucralose - - 0.03 0.03
Gelatin 9.49 9.49 10.48 10.48
Gellan Gum 0.38 0.38 0.42 0.42

PJS: Pomegranate juice—based soft candies with sucrose; PJE: Pomegranate juice—based soft
candies with erythritol; APS: Aronia puree—based soft candies with sucrose; APE: Aronia puree—
based soft candies with erythritol.

Table 2. Sensory acceptability of the control and low-calorie formulations (mean+SE)

Formulation Flavor Appearance Overall Acceptability
PJE: Stevia 4.20+0.19> 3.73+0.21° 4.17+0.172
PJE: Stevia+Sucralose 5.12+0.19° 5.93+0.21° 5.3740.17°
PJE: Sucralose 5.0610.19° 5.9310.21° 5.47+0.17°
PJS (Control) 5.21+0.20° 5.75+0.22° 4.93+0.18b

*Different superscript letters (a,b) within the same column indicate significant differences
(p<0.05). PJS: Pomegranate juice—based soft candies with sucrose; PJE: Pomegranate juice—based
soft candies with erythritol; APS: Aronia puree—based soft candies with sucrose; APE: Aronia

puree—based soft candies with erythritol.

Physicochemical and nutraceutical quality of soft candies
The physicochemical and nutraceutical characteristics of soft candies containing pomegranate
concentrate, pomegranate juice, and/or aronia puree are summarised in Table 3.

Table 3. Physicochemical and nutraceutical properties of soft candies (meanSE)

Parameter PJS APS PJE APE *SE

TS (%) 72.65° 72.27° 69.232 69.022 1.27
pH 3.69%" 3.87° 3.712 3.840 0.01
TA (%) 2.96° 2.07° 3.41¢ 2.22b 0.03
L* (lightness) 25.77° 24.00° 30.30° 30.12° 0.80
a* (red/green) 5.962 7.022 7.682 8.572 0.95
b* (yellow/blue) -9.50° -10.49? -5.68° -4.730 0.56
TMAC (mg C3G /100 g) 15.25¢ 74.012 11.494 67.88 0.98
TPC (mg GAE/100 g) 160.71b 235.19° 143.89b 148.28b 13.98
CUPRAC (mg Trolox/100 g) 541.43b 875.282 596.59P 818.122 30.42
DPPH (ICso, mg) 9.72b 7.70° 9.28b 7.40° 0.22

*Different superscript letters (a,b,c,d) within the same row indicate significant differences (p<0.05). PJS:
Pomegranate juice—based soft candies with sucrose; PJE: Pomegranate juice—based soft candies with erythritol;
APS: Aronia puree—based soft candies with sucrose; APE: Aronia puree—based soft candies with erythritol.
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The TS content was consistent across all formulations, ranging from 69.02% to 72.65% (p>0.05),
indicating uniform moisture levels —an important factor for texture and shelf stability. These values align
with the typical dry matter contents of gelatin-based jelly candies (Mutlu et al., 2018). The pH values of
the soft candies, ranging from 3.69 to 3.87, reflected the natural acidity of the fruit ingredients,
classifying them as high-acid foods, which enhances microbial safety. A significantly more pronounced
acidic profile was observed in the pomegranate juice-based soft candies (PJS, PJE), which exhibited lower
pH and higher TA values compared to the aronia puree-based soft candies formulated with sucrose (APS)
and with erythritol (APE) (p<0.05). This inherent acidity is particularly beneficial, as it not only supports
product safety but also falls within the optimal pH range (3.35-4.36), necessary for achieving desirable
gelling properties in fruit-based soft candies (Pratiwi et al., 2023; Renaldi et al., 2022; Székelyhidi et al.,
2024).

Sweetener types significantly influenced the colour values of the soft candies (Table 3). Low-calorie
formulations (PJE, APE), sweetened with erythritol-sucralose, exhibited significantly higher lightness
(L* values) than their sucrose-based counterparts (PJS, APS). While the red-green coordinate (a*)
remained consistent across samples, sucrose-containing candies displayed more negative b*values,
indicating a greater shift toward blue hues. These colour differences originate from the fruit-derived
anthocyanins responsible for the characteristic red-purple pigmentation (Pala and Toklucu, 2011).
However, the final colour is also a product of complex matrix interactions; anthocyanin stability is
influenced by factors such as pH and the presence of macromolecules like gelatin (Ayvaz et al., 2022),
while intermediates from Maillard reactions can lead to pigment degradation (Konar et al., 2025). The
observed difference in L* is likely due to the Maillard reaction. During heating, sucrose can hydrolyse
into reducing sugars that react with amino acids in gelatin, promoting non-enzymatic browning and
darkening. In contrast, erythritol, a non-reducing sugar alcohol, does not participate in this reaction,
resulting in a lighter, less browned final product (Grembecka, 2015).

Aronia puree-based soft candies (APS and APE) exhibited significantly higher TMAC values
(67.88-74.01 mg C3G/100 g), compared to those formulated with pomegranate juice (PJS and PJE), which
contained 11.59-15.25 mg C3G/100 g (p<0.05, Table 3). These results highlight the superior anthocyanin
content of aronia and its major contribution to the TMAC of the final products. For comparison, reported
TMAC values of pomegranate juice (cv. Hicaz) include 42.6 mg C3G/100 mL (Pala and Toklucu, 2011) and
19.8 mg C3G/100 mL (Turkyilmaz et al., 2025). In contrast, aronia exhibits substantially higher TMAC
values, ranging from 426.93 to 794.63 mg C3G/100 g (cv. Nero) and 418.78 to 597.41 mg C3G/100 g (cv.
Viking) (Boyaci et al., 2023), as well as 366.54 + 15.32 mg C3G/100 mL (Nour, 2022) and 73.633 mg
C3G/100 mL (Lv et al., 2024). The higher TMAC in aronia puree-based soft candies may also be attributed
to the processing method. The soft candies were prepared at ~70 °C, which may have enhanced
anthocyanin release from aronia puree prepared with the peel. The peel itself contains about ~73% of
the fruit’s total anthocyanins (Kaloudi et al., 2022). Moderate heating (60—80 °C) has been shown to
improve anthocyanin extraction by increasing diffusion and mass transfer of these water-soluble
compounds (Denev et al., 2018). In addition to fruit source and processing conditions, the type of
sweetener significantly influenced TMAC. Low-calorie formulations showed markedly lower TMAC
values than their sucrose-containing counterparts (p<0.05), suggesting that sucrose may provide better
protection for anthocyanins during thermal processing. Zhou et al. (2018) reported that adding 5—20%
sucrose reduced anthocyanin loss during heating (70—120 °C, 10 min), while Salar et al. (2022) found
that sucrose helped preserve anthocyanins and flavanones during storage, whereas sucralose increased
flavanone degradation.
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TPC varied notably among the soft candies, ranging from 143.89 to 235.19 mg GAE/100 g. The highest
TPC was observed in APS (235.19 mg GAE/100 g), which also exhibited elevated TMAC
(74.01 mg C3G/100 g) (p<0.05). In contrast, PJE and APE displayed lower TPC values (143.89 and 148.28
mg GAE/100 g, respectively), while PJS remained at an intermediate level (160.71 mg GAE/100 g). These
findings suggest that the inclusion of aronia puree (APS, APE) substantially contributed to the overall
phenolic content compared with their pomegranate-only formulations (PJS, PJE). The pattern is
consistent with earlier reports indicating that aronia possesses significantly higher TPC values than
pomegranate juices. For instance, the TPC of pomegranate juice has been reported as
174.2 mg GAE/100 mL for cv. Hicaz, 401.0 + 0.83 mg GAE/100 mL for cv. Hicaz (Pala and Toklucu, 2011).
By contrast, the TPC of aronia juice has been reported to have higher values of 678.04 + 30.42 mg
GAE/100 mL (Nour, 2022) and 428.51 mg GAE/100 mL (Lv et al., 2024). Using sucrose as the sweetener,
the aronia puree-based soft candies showed higher TPC than the pomegranate-based ones (p<0.05). No
significant difference was observed between the low-calorie formulations (p>0.05), although all
exhibited lower TPC than their sucrose counterparts, with a marked reduction in the aronia sample
(p<0.05). Since the Folin—Ciocalteu method is not fully specific to phenolics, reducing sugars may have
contributed to elevated values (Romulo, 2020).

The antioxidant activity of soft candies was evaluated using two complementary methods, CUPRAC and
DPPH (Table 3), providing a more comprehensive assessment by capturing different mechanisms and
antioxidant types present in complex food matrices (Sethi et al., 2020). The results indicated that the
incorporation of aronia puree significantly enhanced the antioxidant capacity of the soft candies
(p<0.05), whereas the type of sweetener did not produce significant differences. It is worth noting that
each analytical method has its own limitations, and results obtained from different assays are not always
directly comparable (Sethi et al., 2020). Nevertheless, the CUPRAC and DPPH values demonstrated a
parallel trend, supporting the consistency of the findings. Cano-Lamadrid et al. (2020) reported that the
TPC of gelatin-based gummies prepared with pomegranate juice or a pomegranate juice/apple puree
blend ranged from 72.0 to 159.0 mg GAE/100 g, while the DPPH values varied between 10.6 and
14.9 mg/100 g, indicating a positive correlation between TPC and antioxidant activity. Together, these
findings underscore the importance of both raw material selection and sweetener type in determining
the stability, bioactive content, and antioxidant activity of soft candies.

Effects of storage on the nutraceutical properties of soft candies

The effect of storage at 4 °C and 20 °C for 90 days on the physicochemical and nutraceutical properties
of the soft candies was evaluated using TMAC (Fig. 2), TPC (Fig. 3), CUPRAC (Fig. 4), and DPPH (Fig. 5)
measurements.

TMAC values decreased in all samples as storage time progressed (p<0.05, Fig. 2). At 4 °C, pomegranate
juice-based soft candies, particularly PJE, exhibited only minor, non-significant changes in TMAC
(p>0.05), whereas PJS exhibited a significant reduction by day 90 (p<0.05) with a loss of ~31%. In contrast
aronia puree-based candies showed substantial reductions, with losses of ~57% for APS and ~42% for
APE by day 90 (p<0.05). In contrast, storage at 20 °C resulted in a marked decline in TMAC across all
formulations, with losses ranging from 64% to 79% during the storage period (p<0.05). Although not
significant for pomegranate juice-based soft candies, the use of erythritol + sucralose instead of sucrose
helped preserve TMAC in aronia puree-based soft candies (p<0.05). Similarly, Casas-Forero et al. (2022)
reported that storage at 4 °C for 35 days provided better protection of TMAC compared to 20°C, while
a total decrease of ~77% was observed in blueberry juice-based soft candies stored at 25°C (Casas-
Forero et al., 2022). TMACs are very sensitive compounds, with their stability affected by factors such
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as pH, temperature, oxygen, light, concentration, and the presence of co-pigments, metal ions, or
enzymes. Due to this, temperature significantly accelerates anthocyanin degradation, resulting in
polymer formation (Lao and Giusti, 2017).

The degradation of TMAC during storage followed first-order kinetics (Table 4). Both storage
temperature and the type of soft candy significantly influenced anthocyanin stability. In all samples, the
degradation constant (—k) increased markedly as the temperature rose from 4 °C to 20 °C, resulting in a
pronounced reduction in half-life. PJS displayed the lowest —k value (3.69 at 4 °C), with a half-life of
188.11 days; however, its stability declined sharply at 20 °C (t1/2: 43.62 days), accompanied by a reduced
model fit (R?=0.59), suggesting less reliable first-order behaviour under elevated temperature. In
contrast, APS and APE exhibited faster degradation but maintained consistent first-order kinetics across

both storage conditions, with good model fits (R*>0.90).
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Figure 2. Changes in TMAC values of soft candies during 90 days of storage at 4°C and 20°C. Different
letters (A, B) indicate significant differences between samples (p<0.05). PJS: Pomegranate juice—based
soft candies with sucrose; PJE: Pomegranate juice—based soft candies with erythritol; APS: Aronia
puree—based soft candies with sucrose; APE: Aronia puree—based soft candies with erythritol

Table 4. The first-order kinetic parameters (T: Temperature; k: the rate constant; ti/2: the half-time;
R2: coefficient of determination) of TMAC of soft candies stored at different temperatures

Formulation T (2C) —kx103 (day™?) t1/2 (day) R?
PJS 4 3.69 188.11 0.94
20 15.89 43.62 0.59
APS 4 13.13 52.80 0.99
20 17.27 40.13 0.91
APE 4 8.06 85.99 0.98
20 13.82 50.16 0.92

PJS: Pomegranate juice—based soft candies with sucrose; APS: Aronia puree—based soft
candies with sucrose; APE: Aronia puree—based soft candies with erythritol.
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Comparison of APS and APE indicated that the incorporation of erythritol + sucralose lowered —k values
at both temperatures, extended half-lives, and thereby provided a protective effect on anthocyanins
during storage. Likewise, the storage of blueberry juice—based soft candies followed a first-order kinetic
model, and storage temperature significantly affected the degradation of their bioactive compounds
(Casas-Forero et al., 2022). Scrob et al. (2022a) examined the kinetics of anthocyanins degradation in
lingonberry (Vaccinium vitis-idaea L.) jam formulated with various sweeteners (sucrose, fructose,
erythritol, brown sugar, coconut sugar, stevia, saccharin) and stored at 4 °C and 25 °C for 180 days.
Similarly, anthocyanin degradation followed first-order kinetics with high model reliability (R?>0.96).
Although anthocyanins were generally better preserved in jams stored at 4 °C, significant losses were
observed after 60 days. Additionally, the type of sweetener also strongly influenced the degradation
rate of anthocyanin pigments during storage. Under cold chain conditions (4 °C), fructose provided
notable protection for anthocyanins (36.2% loss), whereas erythritol resulted in the highest pigment loss
(78.0%) (Scrob et al., 2022b). In contrast, Nowicka and Wojdyto (2016) reported that cherry purees
prepared with sugar alcohols such as erythritol and xylitol showed a protective effect on anthocyanin
content after 6 months of storage, with both sugar alcohols better preserving anthocyanins under cold
conditions compared to sucrose. These findings suggest that the protective effects of sweeteners on
anthocyanins may vary depending on the type of fruit and the specific food matrix composition, which
may explain variations observed across similar formulations.

The changes in TPC of the soft candies during storage are shown in Fig. 3. Overall, samples stored at
4 °C maintained higher TPC levels than those stored at 20 °C, confirming the protective effect of lower
temperature. However, for both storage conditions, no significant changes were observed in
formulations over the 90 days (p>0.05).
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Figure 3. Changes in TPC values of soft candies during 90 days of storage at 4 °C and 20 °C. Different
letters (A, B) indicate significant differences between samples (p<0.05). PJS: Pomegranate juice—
based soft candies with sucrose; PJE: Pomegranate juice—based soft candies with erythritol; APS:

Aronia puree—based soft candies with sucrose; APE: Aronia puree—based soft candies with erythritol
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Likewise, the type of sweetener (sucrose vs. erythritol+sucralose) did not significantly affect phenolic
retention. Although small fluctuations occurred, they were not statistically significant at most storage
points (p>0.05), indicating the TPC of the soft candies remained stable over 90 days. These findings are
in line with previous reports showing generally moderate phenolic losses during storage of fruit-based
gels and candies (Casas-Forero et al., 2022; Tutunchi et al., 2019). In hydrogels enriched with cryo-
concentrated blueberry juice, for example, TPC loss is approximately 50% for hydrogel products, both
gelatin-gel and gummy types, during both cold and ambient storage over 35 days (Casas-Forero et al.,
2022). Likewise, red beet—based gummies showed 25-35% reductions in TPC after 28 days (Tutunchi et
al., 2019), and pomegranate concentrate—based gummy candy stored at ambient and dark conditions
for 15 days showed a 23% reduction in TPC (Qi et al., 2023). In the present study, the observed stability
may reflect the role of the sucrose/erythritol-incorporated gelatin-gellan gum network, and the
naturally low pH of the candies (3.69-3.87) also contributes to an additional stabilising environment for
phenolics. Recent research by Toker et al. (2025) on red beet gummies demonstrates that the gelatin-
sucrose network can act as a protective barrier. Sucrose interacts with gelatin to form a dense, cross-
linked structure that significantly reduces molecular mobility and hinders the diffusion of oxygen, a
primary driver of phenolic oxidation.

Changes in antioxidant activity (CUPRAC and DPPH) during storage are shown in Figs. 4-5.

1000
< < <
900 - @
9. ey 2
@0, { }« {
800 <Qu I
138 |2 -
w w
_ 700 z z }{ Q ol
g 925 P 2 ald
S x5 ugzy W }5 f}”
% 600 3I23 I h=ez i 0
k) ‘Dogé 9 {70 }x
¥
s dh T 0 | z
= 500 [ =
2 <y 157 i
S I i
< 400 1
o
o
2
O 300
200 -
100
0
}>> >>>> >.>> >_>>>« }>>> >>>)~ }>>> >>>>
3 300 a2 €] e e o] i e o i o ¢
) Mol & o) M| & 1| ) (=] ()| o &
4c | 20c | 4c || 20¢ | 4c || 20c | 4c [] 20C
PJS PJE APS APE

Figure 4. Changes in CUPRAC values of soft candies during 90 days of storage at 4°C and 20°C. Different
letters (A, B) indicate significant differences between samples (p<0.05). PJS: Pomegranate juice—based
soft candies with sucrose; PJE: Pomegranate juice—based soft candies with erythritol; APS: Aronia
puree—based soft candies with sucrose; APE: Aronia puree—based soft candies with erythritol

Both assays revealed a gradual decline over 90 days, with losses more pronounced at 20 °C than at 4 °C
(p<0.05). At 20°C, CUPRAC values decreased sharply within the first 30 days, followed by a slower
decline, while ICso values showed a similar initial increase and then stabilised. In contrast, samples stored
at 4 °C retained notably higher antioxidant activity throughout the 90-day period, highlighting
refrigeration as an effective strategy for preserving antioxidant capacity. These findings align with
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previous studies reporting that antioxidant degradation during storage parallels anthocyanin losses,
underscoring the strong contribution of anthocyanins and other phenolics to overall antioxidant
potential in fruit-based systems (Sethi et al., 2020; Teneva et al., 2022). Although sweetener type did
not significantly influence CUPRAC or DPPH values (p>0.05), erythritol-containing formulations (APE)
showed higher CUPRAC values than their sucrose-based counterparts (APS) at the end of storage. This
difference may be attributed to erythritol’s intrinsic antioxidant activity; as a polyol with multiple
hydroxyl groups, it can scavenge hydroxyl radicals ('OH) and protect bioactive compounds from oxidative

degradation (den Hartog et al., 2010).
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Figure 5. Changes in ICso values of soft candies during 90 days of storage at 4°C and 20°C. Different
letters (A, B) indicate significant differences between samples (p<0.05). PJS: Pomegranate juice—based
soft candies with sucrose; PJE: Pomegranate juice—based soft candies with erythritol; APS: Aronia
puree—based soft candies with sucrose; APE: Aronia puree—based soft candies with erythritol

Similar findings have been reported in other food matrices, where polyols contributed not only to
sweetness but also to the stabilisation of sensitive bioactive compounds during storage (Chung et al.,
2013). Therefore, while temperature remains the dominant factor influencing antioxidant preservation,
polyol-based sweeteners such as erythritol may provide an additional protective effect against oxidative

degradation.

Conclusion

12

This study demonstrated that enriching pomegranate concentrate-based soft candies with aronia puree
substantially increased anthocyanin and phenolic contents, resulting in enhanced antioxidant activity
and establishing aronia as a valuable functional ingredient. While sucrose-based formulations achieved
higher initial anthocyanin levels, low-calorie sweeteners (erythritol and sucralose) provided better
stability during storage, particularly at ambient temperature. Cold storage at 4 °C was identified as a
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critical factor for preserving nutraceutical integrity. These findings highlight the combined importance
of ingredient selection and cold-chain management in producing functional confectionery products with
improved health benefits. Despite these promising results, certain limitations should be noted. The
sensory acceptability of aronia puree-based formulations requires broader evaluation, as inherent
astringency and bitterness, aronia may affect consumer preference. In addition, the bioavailability of
anthocyanins within the candy matrix was not assessed, leaving uncertainty regarding their physiological
efficacy. Future research should therefore focus on optimising formulations while incorporating
bioavailability assessments and comprehensive consumer testing. Collectively, this research provides a
strong foundation for developing anthocyanin-rich functional candies that align with growing consumer
demand for healthier confectionery options.
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