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ARTICLE INFO ABSTRACT

Keywords: Lingonberries (Vaccinium vitis-idaea L.) are rich in phenolic compounds associated with several
Vaccinium vitis-idaea L health benefits. The berries are also astringent, sour, and bitter and the addition of a sweetener is
Anthocyanins

necessary to increase the palatability of lingonberry products. The addition of a sweetener may,
however, affect the stability of phenolic compounds in the product. The aim of this study was thus
to determine the effects of the addition of sweeteners (sucrose, acesulfame K or sucralose) and
temperature on the stability of anthocyanins, flavonols, flavan-3-ols, hydroxycinnamic acids and
the colour of lingonberry juice during thermal treatment and storage. The addition of sweeteners
did not affect the stability of phenolic compounds or the colour of lingonberry juice during
thermal treatment or storage. The stability of the phenolic compounds was significantly affected
by temperature. Anthocyanins were the least stable of the phenolic compounds. The half-lives of
total anthocyanins were 3.8, 2.0 and 0.8 h at 75, 85 and 95 °C, respectively. The half-lives during
storage were 12.8 and 2.7 weeks at 6 and 22 °C, respectively. Cyanidin-3-galactoside, the major
anthocyanin in lingonberries, was extensively degraded during storage, probably due to galac-
toside side-activities of the enzyme preparation used in juice production. After thermal treatment,
the juices were darker and bluer, with lower chromaticity, while after storage, the juices were
lighter, more yellow, and had higher chromaticity.

Flavonols

Flavan-3-ols
Hydroxycinnamic acids
Sucrose

1. Introduction

Lingonberries (Vaccinium vitis-idaea L.) are among the most important non-wood forest products in the Nordic countries [1].
Traditionally, lingonberries have been produced into jams, which are considered a delicacy in Nordic cuisine. Lingonberries contain
high concentrations of phenolic compounds, which are associated with several health benefits [2-4], and some studies have suggested
an inverse association between high flavonoid intake (usually higher than 500 mg per day) and occurrence of cardiovascular diseases
[3]. The phenolic compounds found in lingonberries are anthocyanins, flavonols, flavan-3-ols, and hydroxycinnamic acid derivatives
(HCAs) [5-7]. Of these compounds, the anthocyanins are of especial interest both because they provide the scarlet red colour of the
berries and because they are associated with several positive health benefits [8,9]. Consequently, the anthocyanins have been studied
in many matrices including e.g. pomegranate [10] and blood orange juice [11], in addition to in several berry species [12-18].
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Lingonberries are seldom consumed as fresh berries but are produced into products such as jams. Cranberry (V. macrocarpon Ait.)
juice, which has many of the same properties as lingonberry juice, is common in supermarkets around the world, and it is likely that
lingonberry juice could also be a successful product. However, more knowledge about the chemical constituents in lingonberry juice
and the stability of health-related compounds during processing and storage is needed. Several food processing steps involve high
temperatures to increase yield, extend shelf life or create products with desired properties. In juice processing, the berries are exposed
to elevated temperatures during enzymatic mash treatment, typically 45-50 °C for 1-2 h, and the juice is pasteurized, where tem-
peratures up to 95 °C are normally applied [19]. Exposure to high temperatures for longer periods is shown to be detrimental for
phenolic compounds, with anthocyanins being the most labile [20-22]. The degradation rate of anthocyanins increases with increasing
temperature, although the degradation rates are highly dependent on the source of anthocyanins and the matrix [16,23]. Factors that
affect the stability of anthocyanins, in addition to temperature, are pH, ascorbic acid content, degrading enzymes and availability of
oxygen and light during processing and storage [24]. Anthocyanins are more stable at low pH, where anthocyanins mainly occur in the
flavylium cation form. Ascorbic acid is found to destabilize anthocyanins and the colours of berry juices and syrups [16,25]. Although
phenolic compounds are degraded during juice processing, the most severe degradation is often found during the storage of berry
products [26]. Temperature and duration were the main factors affecting the degradation of anthocyanins in berry juices during
storage in prior studies [13,14,18,20]. The degradation rates of anthocyanins in juices made of various berries differed, illustrating that
the anthocyanins stability is affected both by their structure and the berry species where they are present. Furthermore, the stability of
anthocyanins is dependent on other ingredients and processing conditions, as illustrated by mixtures of blackcurrant juice and other
juices [13].

Due to the instability of anthocyanins, many studies have been conducted to find means to increase the stability of these com-
pounds. Encapsulation and association reactions, such as co-pigmentation, are methods used to stabilize anthocyanins [24,27]. The
addition of hydroxycinnamic acids to berry juices stabilized both anthocyanins and the colour of the juices during storage [28]. The
addition of other ingredients, including sugars, may also influence the stability of anthocyanins and other phenolic compounds [16,
29-32]. Sucrose is the most utilized sweetener in berry products, but other sweeteners are also used. Among them are high-intensity
sweeteners, such as sucralose and acesulfame-K, which do not add calories to the product. The effect of sweeteners on anthocyanin
stability is variable and depends on the type of sweetener, concentration of sweetener, matrix and temperature used [16,29-34].
Fructose is shown to destabilize anthocyanins in berry juices both during thermal treatment and storage, while sucrose increased
stability, decreased stability, or had no effect on anthocyanin stability [29,30,33,34]. Acesulfame K stabilized anthocyanins in
cornelian cherry juice at 75 °C but not at the lower temperatures investigated [30].

Anthocyanins are responsible for the red colour of berry products. As anthocyanins degrade during heat treatment and storage, it is
expected that the colour of the product will change. It was previously shown that the colour of berry juices became more yellowish and
lighter and had lower colour saturation during storage, but with varying colour development in the different juices [28]. The colours of
jams of strawberries and raspberries were affected differently by thermal processing and storage [35]. While a darker colour was
observed in both jams after processing, the strawberry jam developed a slightly lighter and more yellow colour during storage, and the
raspberry jam became more bluish. The colour stability of anthocyanin-rich elderberry concentrates increased with the addition of
sucrose during storage, while minor effects were observed for the colour stability of black currant concentrates [36].

Although the degradation of phenolic compounds, especially anthocyanins, has been extensively studied, the effect of temperature
during thermal processing and storage of lingonberry juice supplemented with different sweeteners has not been investigated. As
lingonberries are perceived as bitter, acidic, and astringent [37], the addition of a sweetener to increase the palatability of lingonberry
products is necessary. If a sweetener could additionally increase the stability of phenolic compounds and colour, it would be ad-
vantageous. As studies on the effect of sweeteners on the stability of anthocyanins diverge depending on anthocyanin composition and
matrix, among other factors, it is essential to study the effects in the actual product. It is important to understand how different
treatments and the addition of ingredients affect phenolic compounds, especially anthocyanins, to preserve these compounds and
extend the sensorial quality and health benefits of the product. Thus, the aim of this study was to determine the effects of sweeteners
(sucrose, acesulfame K or sucralose) and temperature on the stability of anthocyanins, flavonols, flavan-3-ols, hydroxycinnamic acids
and the colour of lingonberry juice during thermal treatment (50, 75, 85 and 95 °C for 2 h) and storage (6 and 22 °C for 16 weeks). The
working hypothesis was that the sweetener would affect the stability of phenolic compounds in lingonberry juice during thermal
treatment and storage.

2. Materials and methods
2.1. Chemicals

A pectinase enzyme preparation (Rohapect MC, AB Enzymes GmbH, Darmstadt, Germany) was used for juice production. Sucralose
(E955) and acesulfame-K (E950) were obtained from Haarla Oy (Tampere, Finland). The standards analysed were cyanidin-3-
galactoside and cyanidin-3-glucoside (Polyphenols AS, Sandnes, Norway); 3,4-dihydroxybenzoic acid (protocatechuic acid) (Fluka,
St. Gallen, Switzerland); procyanidin A2 dimer and procyanidin B2 dimer (Extrasynthese, Genay, France); and 3-caffeoylquinic acid
(chlorogenic acid), quercetin, 2,4,6-trihydroxybenzaldehyde (phloroglucinaldehyde), p-coumaric acid, quercetin-3-rhamnosyl
glucoside (rutin), (+)-catechin and (—)-epicatechin (Sigma-Aldrich, Missouri, USA). All solvents used were of HPLC-gradient
grade, and water was of Milli-Q quality (Millipore Corp., Cork, Ireland).
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2.2. Berry material and juice processing

Lingonberries (V. vitis-idaea L.) were picked in the wild in southern Norway (60°3 N, 12°0 E) the autumn 2019 and provided by
Norwegianberries AS (Birkenes, Norway). The berries were stored at —20 °C until processing in August 2020. To inactivate endog-
enous enzymes in the berries, frozen lingonberries (31 kg) were heated in a steam oven (Electrolux-air-o-steam, Electrolux Professional
GmbH, Tiibingen, Germany) until the temperature reached 80 °C in the core of the berries and was held for 2 min. The berries were
cooled to 50 °C, and the pectinase enzyme preparation (0.165 g per kg of berries) was added. The enzymatic treatment was performed
with constant stirring (Classic Proline Touch-Mix 100 L, Classic Gastro A/S, Fredericia, Denmark) at 50 °C for 1 h and 20 min. Pressing
of the berry mash was performed through a fine-meshed cloth in a packing press (50 P1, Voran, Pichl bei Wels, Austria) at 150 bars. The
juice yield was 73%.

The juice was diluted with water (3/1, w/w) to make a juice stock for the stability experiments.

For the heat stability experiment, diluted juice was divided into two groups: one with 10% sucrose (SUK) and one unsweetened
juice (US). The juices were poured into polypropylene tubes (15 mL) with high density polyethylene caps (Sarstedt AG & Co. KG,
Niimbrecht, Germany) and heated in water baths at 50, 75, 85 and 95 °C for 2 h. Sampling in triplicate was performed after 0, 5, 15, 30,
60 and 120 min followed by rapid cooling in ice water.

For the storage stability experiment, potassium sorbate (0.4 g per kg) was added to the diluted juice. The juice was then divided into
four groups, that is, one unsweetened juice (US) and three juices with added sweeteners mimicking the sweetness of 10% sucrose:
sucrose 10% (SUK), sucralose 0.017% (SUC) and acesulfame K 0.057% (ACE). The concentration of added sucrose (10%) were based
on the results of a preliminary sensory test with 5, 10 and 15 g sucrose per 100 g juice and previous studies on ideal sweetness of juices
[38]. The concentrations of the high-intensity sweeteners was based on their sweetness potency previous determined, to mimic the
sweetness of 10% added sucrose [39]. The juice was stored in polypropylene tubes (15 mL) at 6 °C and 22 °C in the dark. Sampling of
the juices was performed in triplicate after 0, 2, 6 and 16 weeks.

The heat and storage stability experiments were performed once for each temperature. Comparable experimental designs have been
used in testing of stability in juices of other berries [13,14]. However, for more robustness of the results, the experiments should have
been repeated with more than one batch of lingonberry juice.

After sampling in both experiments, the tubes were centrifuged at 4654 g for 10 min at 20 °C (Heraus Multifuge 4 KR, Kendro
Laboratory Products GmbH, Hanau, Germany), and the supernatants were collected. Samples for HPLC analysis were filtered through
Millex HA 0.45 pm filters (Merck Millipore Ltd., Cork, Ireland) and stored in glass vials at —80 °C until analysis.

The concentrations of chemical constituents in the SUK juice were 90% of the concentrations in the other juices on a weight basis
(per 100 g). Due to the increased density (from 1.045 to 1.075 g/mL) with the addition of 10% sucrose (w/w), the concentrations of
chemical constituents in the SUK juice should be ca. 93% of the other juices on a volume basis (per 100 mL).

2.3. Soluble solids, pH, and titratable acidity

The supernatants of the juices were analysed for soluble solids (SS), pH and titratable acidity (TA). SS was determined using a
digital refractometer (RE40, Mettler Toledo, Greifensee, Switzerland) and expressed as °Brix (%). pH was determined with a pH metre
(827 pH lab., Metrohm, Herisau, Switzerland). TA was measured by titrating the supernatant (4 g) diluted with distilled water (total
weight 40 g) with 0.1 M NaOH to pH 8.0 using an automatic titrator (T50 Titrator, Mettler Toledo). The concentration of TA was
expressed as g citric acid equivalents per 100 g. The samples were analysed in duplicate.

2.4. Analysis of phenolic compounds by HPLC-DAD-ESI-MS

The analysis was performed on an Agilent 1100 series HPLC system (Agilent Technologies, Waldbronn, Germany) equipped with an
autosampler cooled to 4 °C, a diode array detector (DAD), and an MSD XCT ion trap mass spectrometer fitted with an electrospray
ionization (ESI) interface. The samples from one experiment, that is, the heat or the storage stability experiment, were analysed in one
batch in randomized order. The phenolic compounds were separated at 40 °C on a Synergi 4 pm MAX RP C12 column (250 mm length
x 2.0 mm i.d., 4 pm particle size) equipped with a 5 pm C12 guard column (4.0 mm length x 2.0 mm i.d., 5 pm particle size), both from
Phenomenex (Torrance, California, USA). The mobile phases used were A; formic acid/water (2/98, v/v) and B; acetonitrile in the
following gradient: 0-10 min 5-10% B, 10-22 min 10-12.4% B, 22-42 min 12.4-28% B, 42-50 min 28-60% B, 50-55 min 60% B, and
55-58 min 60-5% B with a solvent flow rate of 0.25 mL/min, as previously described [40]. The phenolic compounds were identified
based on their UV-vis and mass spectra and retention times and comparison with authentic standards and previous reports [6,41]
(Supplementary Table S1). Quantification of the phenolic compounds was based on calibration curves of external standards and
expressed as mg per 100 mL. Anthocyanins were quantified as equivalents of cyanidin-3-galactoside at 520 nm, flavonols as rutin at
360 nm, flavan-3-ols as (+)-catechin at 280 nm and HCAs as chlorogenic acid at 320 nm. Chromatograms at the different wavelengths
are given in Supplementary Fig. S1.

2.5. Colour analysis
The colour of the juices was measured using a digital colour measurement system (DigiEye, VeriVide Ltd., Leicester, UK). The juice

(1 mL) in white plastic cups was placed in a lightbox with standardized daylight (D65) and diffuse lighting and photographed with a
calibrated digital camera (Nikon D7000, 35 mm lens, Nikon Corp., Tokyo, Japan). Colour measurements of the pictures were
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performed with DigiPix software (version 2.63). The colour was based on CIE (Commission International de 1’Eclairage), and the
colour components L*a*b. L* is a measure of lightness; lower values indicate darker colour (0 = black), and higher values indicate
lighter colour (100 = white). The hue angle (Equation (1)) designates colour shade, where low values ("Hue = 0°) indicate a red-bluish
colour and high values (°"Hue = 90°) indicate a yellow colour. Chroma (Equation (2)) is a measure of colour saturation, where high
values indicate pure colours. The absolute colour difference of the samples after heat treatment and storage was calculated as AE
(Equation (3)).

“Hue =arctan(b * /a* ) )
Chroma = (a%”> + b+?) 172 2)

1/2

AE=((Lo* —L#)" + (ao* —a*)’ + (bg—bx)?) v

where Lo*, ap* and by* are the values at time 0.
2.6. Kinetic calculations

The degradation of phenolic compounds was assumed to follow first-order reaction kinetics, and the reaction rate constant (k) and
the half-lives (t;,2) were determined by Equations (4) and (5).

In(C, /Co)= —kt 4
tl/zzln(2)/k (5)

where C; is the concentration at time t and Cy is the initial concentration. k was determined as the slope of the graph In(C/Cyp) against
heating time (hours) or storage time (weeks).

2.7. Statistical analyses

The differences in chemical composition in the newly made juices (US, SUK, ACE and SUC) were determined by one-way analysis of
variance (ANOVA), followed by Tukey pairwise comparisons test with significant level p < 0.05. The effects of juice (Juice; with no or
different sweeteners), temperature (Temp), and their interaction (Juice x Temp) on half-lives of phenolic compounds were determined

Table 1
Soluble solids (SS), pH, titratable acidity (TA) and concentrations (mg/100 mL) of phenolic compounds in newly made unsweetened juice (US), juice
with 10% sucrose (SUK), juice with 0.017% sucralose (SUC) and juice with 0.057% acesulfame K (ACE)*".

us SUK ACE SucC
SS (° Brix) 9.3+ 0.0b 18.2+0.0a 9.3+0.0b 89+00c
pH 2.68 + 0.01 2.67 + 0.02 2.68 + 0.02 2.68 + 0.01
TA (g/100 g) 1.38 £ 0.00 a 1.22 +£0.00 ¢ 1.38 £ 0.01a 1.32+£0.00 b
Anthocyanins
Cy-gal 41.1 + 0.9 ab 38.6 +1.2b 41.6 + 0.8 ab 43.4+2.2a
Cy-glu 2.29 + 0.02 ab 2.15+0.02b 2.29 + 0.02 ab 2.35+0.11a
Cy-ara 6.61 + 0.05 ab 6.22 +0.08 b 6.59 + 0.07 ab 6.81 £+0.33a
Flavonols
Q-gal 4.20 + 0.09 ab 3.94+0.14b 4.20 + 0.09 ab 4.41 £0.19a
Q-ara 2.06 + 0.30 1.98 + 0.33 2.34 £0.16 2.52 +0.22
Q-rham 5.39 + 0.07 ab 5.05 + 0.08 b 5.32 + 0.05 ab 5.48 £0.21a
Q-(HMG)-rham 3.81 + 0.06 ab 3.58 + 0.05 b 3.75 + 0.03 ab 3.88 £ 0.16 a
Q 3.70 + 0.53 3.35+ 0.45 3.12+0.18 3.13 £ 0.29
Flavan-3-ols
Cat 25.8 + 0.6 ab 24.0+0.7b 26.1 + 1.3 ab 26.7 + 1.5a
Epicat 9.7 £ 1.0 9.0+ 1.4 10.4 £ 0.1 10.1 £ 0.9
A-type dimer 21.5+1.3 204 +1.1 20.3 +1.7 225+1.0
B-type dimer 222+0.1a 20.9 +0.3b 222+0.2a 225+ 06a
HCAs
p-CA-hex 3.27 + 0.04 ab 3.03+0.13b 3.28 £ 0.03 ab 3.34+£0.06a
3-CQA 1.48 £+ 0.02 ab 1.40 £ 0.03 b 1.47 £ 0.01 ab 1.49 £ 0.03 a
FA-hex 1 2.45+0.02a 2.31 £0.02b 243 +0.02a 2.48 + 0.06 a
FA-hex 2 2.44 + 0.04 2.24 +0.21 2.46 + 0.02 2.50 + 0.05
p-CA 1.50 + 0.07 1.39 £+ 0.04 1.43 £ 0.01 1.45 £+ 0.01

2 Abbreviations:

methylglutaroyl.

cy, cyanidin; gal, galactoside; glu, glucoside; ara, arabinoside; Q, quercetin; rham, rhamnoside; HMG, 3-hydroxy-3-

Y The concentrations are mean values and standard deviations of triplicate samples (n = 3). Values in a row with different letters are different (p <
0.05) based on Tukey pairwise comparisons test.
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Fig. 1. The colour parameters, L*, °Hue, Chroma and AE, in unsweetened juice (US) and juice with 10% sucrose (SUK) during thermal treatment at
50, 75, 85 and 95 °C for 120 min (A-D) and in US, SUK, juice with 0.017% sucralose (SUC) and juice with 0.057% acesulfame K (ACE) during

storage at 6 and 22 °C for 16 weeks (E-H). (For interpretation of the
version of this article.)

references to colour in this figure legend, the reader is referred to the Web
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Fig. 2. Percent remaining anthocyanins (A), flavonol glycosides (B), flavan-3-ols (C) and HCAs (D) in unsweetened juice (US) and juice with 10%
sucrose (SUK) during thermal treatment at 50, 75, 85 and 95 °C for 120 min. Percent remaining anthocyanins (E), flavonol glycosides (F), flavan-3-
ols (G) and HCAs (H) in US, SUK, juice with 0.017% sucralose (SUC) and juice with 0.057% acesulfame K (ACE) during storage at 6 and 22 °C for 16
weeks. Anthocyanins includes all anthocyanins. Flavonol glycosides includes four quercetin glycosides. Flavan-3-ols are the sum of (+)-catechin,
(—)-epicatechin, a B-type dimer and a A-type dimer. The HCAs are the sum of a p-coumaric acid hexoside, chlorogenic acid and two ferulic
acid hexosides.

by ANOVA, a general linear model (GLM). In the thermal experiment, the factors were Juice (fixed, 2 levels; US and SUK) and Temp
(fixed, 3 levels; 75, 85 and 95 °C). Due to no or very small changes in phenolic compounds at 50 °C in the experimental period (2 h), the
results at 50 °C were not included in the ANOVA analysis. In the storage experiment, the factors were Juice (fixed, 4 levels; US, SUK,
ACE and SUC) and Temp (fixed, 2 levels; 6 and 22 °C). Significant differences (p < 0.05) between average responses of Juice x Temp
were determined by Tukey pairwise comparisons test. The statistical analysis was performed using Minitab® (version 19.2020.1).

3. Results and discussion
3.1. Characterization of the experimental juices

3.1.1. Soluble solids, pH, and titratable acidity

The soluble solids (SS), pH and titratable acidity (TA) in the unsweetened juice (US) were 9.3° Brix, 2.68 and 1.38 g/100 g,
respectively (Table 1). The values were comparable with previous findings in lingonberries [42,43]. The juice with added sucrose
(SUK) had a higher SS, which reflected the 10% added sucrose. TA in SUK juice was approximately 90% of the value in US, which is in
accordance with the dilution of this juice.

3.1.2. Phenolic compounds

The three most abundant anthocyanins in the juices were cyanidin-3-galactoside (79%), cyanidin-3-arabinoside (13%) and
cyanidin-3-glucoside (4%), with a total concentration of ca. 50 mg/100 mL in the newly made unsweetened juice (Table 1). The
quantitative and qualitative contents of anthocyanins were in line with previous results in lingonberries [15] and lingonberry juice
[41]. The predominant flavonols were quercetin-3-rhamnoside (28%), -galactoside (22%), -(3-hydroxy-3-methylglutaroyl)
(HMG)-rhamnoside (20%) and -arabinoside (11%), and the quercetin aglycone (19%), with a total concentration of ca. 19 mg/100 mL
(Table 1). Assessment of flavan-3-ols using the HPLC-DAD-MS method was difficult due to coelution with other phenolic compounds
and low molar absorptivity. (+)-Catechin, (—)-epicatechin, a B-type dimer and an A-type dimer were quantified and used to determine
the response of flavan-3-ols to the treatments. The major HCAs in the juices were a p-coumaric acid hexoside, chlorogenic acid, two
ferulic acid hexosides and p-coumaric acid, with a total concentration of approximately 11 mg/100 mL. Overall, the phenolic
composition in the juices was in accordance with previous reports [41,44]. The concentrations in the SUK juice were 91-95% of the
concentrations in the unsweetened juice (US) and the juices sweetened with the high-intensity sweeteners (ACE and SUC), which was

Table 2
Half-lives (t;,2) of phenolic compounds in unsweetened juice (US) and juice with 10% sucrose (SUK) heated at 75, 85, and 95 °C for 2 h*".
t1,2 (hours) at 75 °C t1/2 (hours) at 85 °C t1/2 (hours) at 95 °C
Us SUK Us SUK us SUK

Total anthocyanins 4.6a 4.8a 2.0b 2.0b 08¢ 08¢
Cy-gal 4.8a 5.0a 2.1b 21b 0.8¢c 08¢
Cy-glu 6.1a 6.4a 29b 2.8b 1.2¢ 11lc
Cy-ara 34a 35a 1.4b 1.4b 05¢ 05c¢
Total flavonol glycosides na“ na 5.4a 5.7 a 2.2b 2.2b
Q-gal na na 99a 10.4 a 3.4b 3.4b
Q-ara 39a 5.2a 1.4b 1.5b 0.6 b 0.7 b
Q-rham na na 49a 5.2a 1.5b 1.6b
Q-(HMG)-rham na na na na 6.9a 6.8a
Total flavan-3-ols na na na na 44a 3.3a
Cat na na na na 7.7 a 55a
Epicat na na na na 33a 3.0a
A-type dimer na na 34a 29a 1.7b 1.6b

B-type dimer na na na na na na
Total HCAs (not p-CA) na na na na 49a 51a
p-CA-hex na na 4.2a 4.7 a 1.4b 1.5b
3-CQA na na na na 9.4 a 80a

FA-hex 1 na na na na na na

FA-hex 2 na na na na na na

2 Abbreviations: cy, cyanidin; gal, galactoside; glu, glucoside; ara, arabinoside; Q, quercetin; rham, rhamnoside; HMG, 3-hydroxy-3-
methylglutaroyl.

Y Values in a row with different letters are different (p < 0.05) based on Tukey pairwise comparisons test.

¢ na = not applicable due to no or small changes during the thermal treatment for 2 h.
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in accordance with the dilution effect (ca. 93% of the initial values are expected).

3.1.3. Colour

The lingonberry juice had a dark, red colour. In the newly made unsweetened juice (US), the L*-value was 37.7. The juice
sweetened with sucrose (SUK) was slightly lighter (L* = 38.7) than the other juices (Fig. 1). The addition of sweetener did not affect
°Hue or Chroma.

3.2. The stability of phenolic compounds

3.2.1. The stability of anthocyanins during thermal treatment

The first 10 min of heat treatment, irrespective of temperature, had no effect on the total concentration of anthocyanins (Fig. 2A).
Anthocyanin concentrations in the juices heated at 85 and 95 °C declined rapidly after 10 min. Anthocyanins in the juices heated at
75 °C were stable for 60 min, while anthocyanins in the juices heated at 50 °C were quite stable throughout the experimental period.
This is accordance with other studies on degradation of anthocyanins in berry juices, demonstrating high stability of anthocyanins at
50-60 °C [45,46]. After 120 min at 50 °C, ca. 90% of the initial anthocyanins remained, whereas in juices heated at 75 °C, 85 °C and
95 °C for 120 min, ca. 77%, 55% and 20% of the initial anthocyanins remained, respectively (Fig. 2A). The degradation of the an-
thocyanins followed first-order reaction kinetics, and the half-lives of total anthocyanins in the juices heated at 75, 85 and 95 °C were
on average 4.7, 2.0 and 0.8 h, respectively (Table 2). Two mechanisms are suggested to be responsible for thermal degradation of
anthocyanins 1) hydrolysis of the 3-glycoside linkage to form the unstable aglycon and 2) nucleophilic attack of water on the flavylium
cation to form a carbinol followed by the formation of a chalcone through opening of the C ring [23]. The stability of anthocyanins was
significantly affected by temperature but not addition of sucrose. Sucrose was shown to stabilize anthocyanins in a model system due to
the ability to bind water and thereby hindering nucleophilic attack of water on the flavylium cation [47]. The protective effect
increased with sucrose concentration from about 20% sucrose. The sucrose concentration in the present study may thus be too low to
exert any stabilizing effect by water binding. Similarly, no significant effects of supplementation of sucrose (50 g/L) to juices of
elderberry, strawberry and black carrots on half-lives of anthocyanins were seen upon heating at 95 °C [48]. In other studies, diverging
results are reported on the effect of sucrose on anthocyanin stability. In cornelian cherry juice, sucrose (12%) stabilized anthocyanins
when heated at 75 °C [30] and in blackberry juice a small protective effect was seen with addition of 10% sucrose at 50 °C, while at 70
and 90 °C sucrose slightly destabilized anthocyanins [33]. Addition of sucrose (10-20%) decreased thermostability (75-95 °C) of
anthocyanins in extracts of blackcurrants [29]. The results suggests that the influence of sucrose on thermal stability of anthocyanins is
small and dependent of food matrix and the temperature applied. Lingonberries have low pH and low concentrations of ascorbic acid
[43], which should be favourable for the stability of anthocyanins [24]. Despite this, anthocyanins in lingonberry juice were less stable
than anthocyanins in many other products, as the half-lives of anthocyanins in juices or extracts of diverse berries varied from 1 to 15 h
at 70-80 °C [23]. One of the reasons for this finding could be the nature of the anthocyanins in lingonberries. Lingonberries contain
simple anthocyanins with only monosaccharides bound to the aglycon, and anthocyanins with more complex sugars and cinnamic
acids attached are shown to be more stable than monoglycosidic anthocyanins [16,18,29,48]. Among the simple anthocyanins,
pentosides were less stable than hexosides [21,22,48], and glucosides were more stable than galactosides in cranberries [21]. In
accordance with this, we found that cyanidin-3-arabinoside was less stable than cyanidin-3-galactoside and cyanidin-3-glucoside, and
glucoside was more stable than galactoside during heat treatment (Table 2). After 120 min at 95 °C, 7% of the initial
cyanidin-3-arabinoside was present in the juice, while 18 and 32% of cyanidin-3-galactoside and cyanidin-3-glucoside remained,
respectively (Supplementary Table S2). After extensive heating, small amounts of the aglycon cyanidin as well as its degradation
products protocatechuic acid and phloroglucinaldehyde were detected in the juices (results not shown).

3.2.2. The stability of flavonols, flavan-3-ols and hydroxycinnamic acids during thermal treatment

The flavonol glycosides were stable during heating at 50 and 75 °C for 2 h (Fig. 2B). The stability of flavonols was significantly
affected by temperature but not the addition of sucrose (Table 2). The half-lives of total flavonol glycosides at 85 and 95 °C were on
average 5.6 and 2.2 h, respectively. Quercetin-3-arabinoside and quercetin-3-rhamnoside were the least stable flavonol glycosides,
with half-lives of 0.7 and 1.6 h at 95 °C, respectively, while quercetin-3-(HMG)-rhamnoside was the most stable flavonol glycoside.
Half-life of quercetin-3-glucose previously reported in freeze-dried sour cherry paste (49 min at 80-90 °C) [49] was somewhat lower
than found in the present study. The influence of the sugar moiety on the degradation of quercetin glycosides was the same as observed
during thermal treatment (180 °C) of dried flavonol solutions, where especially the 3-rhamnoside degraded rapidly [50]. As the
quercetin glycosides degraded, the concentration of quercetin, the aglycon, increased. Similarly, the concentration of quercetin
steadily increased during thermal treatment in the present study. At 85 °C the concentration of quercetin was doubled after 2 h and at
95 °C the concentration was more than doubled after 1 h (Supplementary Table S2). This finding is also in accordance with a previous
study demonstrating that a combination of heat and low pH resulted in significant formation of flavonol aglycones in cranberries [21].

The flavan-3-ols were quite stable during thermal treatment (Fig. 2C), and half-lives at 50-85 °C could not be calculated, except for
the A-type dimer, which was the most unstable of the flavan-3-ols quantified (Table 2). The half-lives of this compound were on
average 3.1 and 1.6 h at 85 and 95 °C, respectively. Addition of sucrose did not influence the stability of the flavan-3-ols.

There was no effect of sucrose addition on the stability of HCAs in the lingonberry juice during thermal treatment (Fig. 2D, Table 2).
A p-coumaric acid hexoside was the least stable HCA, with a half-life of 1.4 h at 95 °C. Chlorogenic acid had half-life of 8-9 h at 95 °C,
which was considerable longer than the half-life of about 1 h found for chlorogenic acid in freeze-dried sour cherry paste at 80-90 °C
[49]. The two ferulic acid hexosides were stable at all temperatures. The concentration of p-coumaric acid increased during thermal
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treatment and was doubled after 2 h at 95 °C (Supplementary Table S2). The increase in p-coumaric acid is explained by hydrolysis of
p-coumaric glycosides, such as the p-coumaric acid hexoside, decreasing at approximately the same rate as p-coumaric acid increased.

The stability of flavonols, flavan-3-ols and hydroxycinnamic acids in berry products, especially during thermal treatment are, in
opposition to for anthocyanins, hardly studied. One reason for this can be the greater importance of anthocyanins, contributing both to
colour and health promoting properties of the products. Another reason can be that the anthocyanins are the least stable among the
phenolic compounds [20-22,49]. In accordance with previous findings, the anthocyanins were the least stable of the phenolic com-
pounds also in the present study (Tables 2 and 3). Anthocyanins, in opposition to the other phenolic compounds, undergo reversible
structural transformations as a function of pH, and at low pH and increasing temperatures the equilibrium is shifted to the more
unstable chalcone form [23].

3.2.3. The stability of anthocyanins during storage

The stability of anthocyanins during storage was significantly affected by temperature but not the addition of sweeteners (Table 3).
The lack of effect of sweeteners on anthocyanin stability may not be surprising as the concentration of sucrose and the other sweeteners
were quite low (see discussion in 3.2.1). In addition are diverging results on the effect of sweetener on anthocyanin stability during
storage previously reported. Sucrose (12%) and acesulfame K (0.1%) destabilized anthocyanins in cornelian cherry juice, and more at
25 °C than at 2 °C [30] and sucrose (20%) destabilized anthocyanins isolated from sour cherries [51], while in blackberry juice and
sour cherry puree the addition of sucrose (7-10%) slightly increased stability of anthocyanins during storage at 4 °C [34,52].

The half-lives of total anthocyanins in the juices were on average 12.8 and 2.7 weeks at 6 and 22 °C, respectively (Table 3). The
values were comparable with those in mixtures of black currant juices, which had half-lives of total anthocyanins of 8.2-19.4 weeks at
4 °C and 2.0-2.8 weeks at 20 °C [13], and in the lower range of values reported for various berry juices, which had half-lives of
12.3-32.5 weeks and 2.2-6.7 weeks at 4 °C and 21 °C, respectively [14]. The half-lives of total anthocyanins found in the present study
was also lower than half-lives of total anthocyanins found in most of the lingonberry jams added sucrose and other sweeteners [32] and
in blackberry jams with different sugars and sugar alcohols [31]. The higher stability of anthocyanins in jams compared with juices
may be due to stabilizing effects of a more complex and viscous matrix with lower water mobility. After two weeks at 22 °C, 37-40% of
the initial anthocyanins remained, which was comparable to the remaining content after 16 weeks at 6 °C (Fig. 2E). After 16 weeks at
22 °C, less than 2% of the initial anthocyanins remained in the juices. Previously, 13% retention of anthocyanins in lingonberry juice
after 14.7 weeks at ambient temperature was reported [28]. Cyanidin-3-galactoside was the least stable anthocyanin during storage
with half-lives of, on average, 11.1 and 2.3 weeks at 6 and 22 °C, respectively, compared with cyanidin-3-glucoside and
cyanidin-3-arabinoside, with half-lives of 25-29 weeks at 6 °C and ca. 4 weeks at 22 °C (Table 3). The reason for the more severe
breakdown of cyanidin-3-galactoside during storage is probably side-activities of the enzyme formulation used to reduce mash vis-
cosity during preparation of the juice, as the processing enzymes were not inactivated by pasteurized before heat treatment or storage
of the juice. Some commercial pectinase mixtures used for juice processing are shown to contain impurities of glucosidases, arabi-
nosidases and galactosidases, with the latter being by far the most detrimental for anthocyanins [17,53,54]. After enzymatic treatment
of bilberries with enzymatic preparations, the anthocyanin profile of bilberries was altered, and hardly any anthocyanidin galactosides

Table 3
Half-lives (t;,2) of phenolic compounds in unsweetened juice (US), juice with 10% sucrose (SUK), juice with 0.017% sucralose (SUC) and juice with
0.057% acesulfame K (ACE) stored at 6 and 22 °C for 16 weeks?,".

t1/2 (weeks) at 6 °C t1/2 (weeks) at 22 °C
Uus SUK ACE sucC us SUK ACE sucC
Total anthocyanins 13.2a 125a 12.6 a 12.7 a 2.8b 26b 2.7b 2.7b
Cy-gal 11.5a 10.7 a 10.9 a 11.1a 2.3b 2.2Db 2.3b 2.3b
Cy-glu 29.0a 28.7 a 28.4a 27.0a 4.2b 4.0b 41b 4.2b
Cy-ara 27.0a 26.6 a 26.6a 25.2a 3.7b 35b 35b 37b
Total flavonol glycosides 37.0a 38.4a 36.6 a 33.6 ab 234c 26.4 bc 25.7 ¢ 21.7 ¢
Q-gal 12.1a 11.3a 10.5a 11.8a 6.0 b 7.6 b 7.9b 6.7b
Q-ara 11.0a 11.3a 10.6 a 10.0 a 9.6 a 10.3a 9.2a 80a
Q-rham na na na na 78.0 a 90.8 a 85.6 a 76.3 a
Q-(HMG)-rham na‘ na na na 60.9 a 70.9 a 65.9 a 58.5a
Total flavan-3-ols 41.4a 42.2a 478 a 42.0a 10.1b 9.9b 10.1b 10.0 b
Cat 36.2a 399a 36.9a 35.3a 9.5b 9.9b 9.3b 9.4b
Epicat 36.2a 423 a 326a 35.7 a 13.3b 14.3b 12.8b 11.0b
A-type dimer 35.5a 31.3a 40.5a 38.6a 7.2b 6.5b 7.8b 7.9b
B-type dimer 728 a 73.6a 74.4 a 68.5a 12.6 b 12.6 b 12.3b 12.7b
Total HCAs (not p-CA) 54.5a 52.7 a 55.3a 51.2a 18.1b 18.2b 19.4b 17.5b
p-CA-hex 29.0 a 27.8 a 30.6 a 27.8a 7.8b 6.9b 8.4b 7.7b
3-CQA 55.7 a 50.7 a 63.6 a 53.4a 20.7b 20.3b 235D 21.3b
FA-hex 1 81.7 a 91.1a 98.0 a 80.3a 22.2b 29.6 b 26.0 b 23.8b
FA-hex 2 na na na na 50.4 a 49.0 a 47.0 a 40.9 a

2 Abbreviations: cy, cyanidin; gal, galactoside; glu, glucoside; ara, arabinoside; Q, quercetin; rham, rhamnoside; HMG, 3-hydroxy-3-
methylglutaroyl.

Y Values in a row with different letters are different (p < 0.05) based on Tukey pairwise comparisons test.

¢ na = not applicable due to no or very small changes during the storage period (16 weeks).
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remained in the juices [17]. During thermal treatment at high temperatures, it is expected that enzymes are inactivated, while at 50 °C
enzymes are active, and accordingly, cyanidin-3-galactoside was the least stable anthocyanin at this temperature (Supplementary
Table S2). Additionally, a decrease in cyanidin-3-galactoside was found after enzymatic mash treatment of lingonberries at 50 °C [41].
This strengthens the hypothesis that galactoside side-activities of the pectinase formulation used in the production of the juice was the
cause of the severe degradation of cyanidin-3-galactoside during storage. With inactivation of galactosidase, the stability of
cyanidin-3-galactoside would be expected to be like that of cyanidin-3-glucoside; thus, as cyanidin-3-galactoside is the major
anthocyanin (ca. 80%) in lingonberries, the half-lives of total anthocyanins in lingonberry juice might be doubled with inactivation of
galactosidase.

3.2.4. The stability of flavonols, flavan-3-ols and hydroxycinnamic acids during storage

In accordance with previous studies [18,20-22,31], the flavonols were more stable than anthocyanins also during storage (Fig. 1
and Table 3). The concentrations of flavonol glycosides had decreased 10-30% after two weeks of storage and continued to steadily
decrease in the storage period (Fig. 2F). Worth noting, the difference in stability when stored cold compared with at room temperature
was lower for flavonol glycosides than for the other phenolic compounds analysed (Fig. 2E-H). The stability of flavonol glycosides was
significantly affected by temperature but not by the addition of sweeteners (Table 3). The half-lives of total flavonol glycosides were on
average 36 and 24 weeks when stored at 6 and 22 °C, respectively. In blackcurrant juice, there was no change in the concentration of
flavonol glycosides after one year at 4 °C [20]. In chokeberry juice, most flavonols were very stable, and there was more than 90%
retention after 6 months at 25 °C [22]. In both of those studies, the juices were stored in glass bottles, which have lower oxygen
permeability than the polypropylene tubes used in the present study, which may provide higher stability against oxidation. The
different stability of flavonols in lingonberry juice compared with juices of blackcurrants and chokeberries might also be caused by
internal factors, such as the structure of the flavonols, other ingredients in the juice, and degrading enzymes. There were huge dif-
ferences in the stability of the various quercetin glycosides during storage. Quercetin-3-rhamnoside and
quercetin-3-(HMG)-rhamnoside were stable during storage, while quercetin-3-galactoside and quercetin-3-arabinoside had half-lives
of in average 11 weeks at 6 °C and 8 weeks at 22 °C (Table 3). It is plausible that galactoside side-activities of the pectinase formulation
used in the production of the juice is responsible for the degradation of quercetin-3-galactoside, as it is for cyanidin-3-galactoside.
During storage, the concentration of quercetin in the juices first increased and reached about 6 mg/100 g fw after 2 weeks at 22 °C
and 6 weeks at 6 °C, then declined (Supplementary Table S3). After 16 weeks at 22 °C, only approximately 0.1 mg/100 mL of quercetin
was present in the juices. Quercetin was previously shown to degrade into several products, including protocatechuic acid [55], which
was also found in the present study (results not shown).

After 16 weeks at 6 °C and 22 °C, about 80% and 30% of the flavan-3-ols remained in the juices, respectively (Fig. 2G). Temperature
but not the addition of sweeteners affected the stability of the flavan-3-ols (Table 3). The half-lives of the sum of the four flavan-3-ols
were 43 and 10 weeks when stored at 6 °C and 22 °C, respectively. The A-type dimer was the least stable of the flavan-3-ols during
storage at 22 °C, with half-life of 7.3 weeks.

The addition of sweeteners did not affect the stability of the HCAs during storage (Fig. 2H, Table 3). The concentration of free p-
coumaric acid increased during storage and the concentration was doubled after two weeks at 22 °C (Supplementary Table S3).
Released free hydroxycinnamic acids was also detected in black currant juice during storage [20]. The half-lives of total HCAs, not
including p-coumaric acid, were approximately one year when stored at 6 °C and 18.4 weeks when stored at 22 °C (Table 3). The
stability of HCAs in other berry juices were higher than those in our study [20,22], which could be caused by the factors previously
mentioned.

3.3. The stability of colour

There were minor changes in colour during heat treatment, except for the juices heated at 95 °C, and not affected by the addition of
sweeteners (Fig. 1A-D). The juices heated at 95 °C for 60 and 120 min were darker (lower L*), more bluish (lower °Hue) and had lower
colour purity (Chroma) than the newly made juices. The changes in Chroma and °Hue were more pronounced than changes in L*. The
°Hue results are consistent with those of a study of purified anthocyanins, where lower hue angles were found after heating at 95 °C for
up to 7 h [48]. The overall colour differences (AE) in that study, with values from 5.5 to 8.9 after 60 min at 95 °C, were also in
accordance with our findings (Fig. 1D). However, in contrast to our study, the lightness and chroma increased during heat treatment in
that study. The reason for these contrasting results could be that purified anthocyanins were studied in that prior study; thus, there
were no other compounds that could interact with anthocyanins to influence colour development.

3.3.1. The stability of colour during storage

During storage, in contrast to during thermal treatment, L*, °Hue and Chroma increased; that is, the juices became lighter, more
yellowish and had more colour saturation (Fig. 1E-G). In accordance with our findings, in a prior study, °Hue and L* increased in
lingonberry juice after 14.7 weeks at ambient temperature [28]; however, Chroma decreased. The changes in colour were most
pronounced in the juices stored at 22 °C for six weeks or longer, with an overall colour difference AE > 10 (Fig. 1H). The colour of the
juices during storage was not affected by the addition of sweeteners.

3.3.2. Anthocyanins and colour development
Anthocyanins are responsible for the red colour of lingonberries, but there was no correlation between anthocyanin content and

juice colour when the results after heat treatment and storage were combined. Although there was a negative (logarithmic) correlation
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between total anthocyanin content and absolute colour change (AE) both after thermal treatment and storage (results not shown), the
colour development after thermal treatment and storage was different. The reason for the different colours after thermal treatment and
storage is probably that oxidation and polymerization products formed during storage give a brownish colour to the stored products,
while these compounds are not produced in the short duration of the thermal treatment. The bluish and darker colour occurring in the
juices at the harshest thermal treatments might be caused by pyranoanthocyanins formed by the reaction between anthocyanins and
free hydroxycinnamic acids, such as p-coumaric acid, liberated during heating. In accordance with this, the formation of pyr-
anoanthocyanins from hydroxycinnamic acids and anthocyanins has been demonstrated in juices of strawberries and raspberries [56],
and the addition of hydroxycinnamic acids has been shown to decrease the °Hue and L*-values of several berry juices, including
lingonberry juice [28].

4. Conclusion

The addition of sucrose (10%), sucralose (0.017%) or acesulfame K (0.057%) did not influence the stability of phenolic compounds
or the colour of lingonberry juice during heat treatment and storage and can thus be added to lingonberry juice probably without
negatively affecting the stability of health-related and sensory quality of the juice. This result, however, cannot exclude the possibility
that the addition of higher concentrations of sweeteners or the addition of other sweeteners might influence the stability of phenolic
compounds or the colour of lingonberry juice. Heat treatment typically employed in juice processing had no effect on the quality of
lingonberry juice. However, heating at higher temperatures (85-95 °C) for more than 10 min should be avoided. The colour of
lingonberry juice was affected differently by thermal treatment and storage. After thermal treatment, the juices were darker and bluer
with a lower chromaticity, while after storage, the juices became lighter, more yellow and had higher chromaticity. Anthocyanins were
the least stable of the phenolic compounds quantified. One of the reasons for the extensive losses of anthocyanins during storage is
probably the galactosidase side-activities of the pectinase formulation used in juice production, leading to selective degradation of the
major anthocyanin in lingonberries, cyanidin-3-galactoside. Processing enzymes should be inactivated to avoid enzymatic hydrolysis
of the anthocyanins and other phenolic compounds during storage. This study shows the importance of storage at low temperature to
preserve phenolic compounds and the colour of berry juices.
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