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Abstract

Blackcurrant juices were produced with an oxygen-excluding spiral filter press and two conventional pressing systems exert-
ing common oxygen exposure at pilot plant scale (200 kg) in technological duplicate in two subsequent years (n=4). In
contrast to findings on previously studied fruits, contents of total and individual anthocyanins were not significantly higher
after spiral filter (16361872 mg/L) than after conventional pressing (1529-2083 mg/L). During storage for 52 weeks at 4, 20
and 37 °C, anthocyanin levels depended strongly on storage temperature, but not on the used pressing system (conventional
vs. oxygen-reduced). Other juice quality parameters like ascorbic acid behaved likewise. Furthermore, a D-optimal design
of experiments was used to study the influence and interactions of the factors oxygen, ascorbic acid, sugar and pH value
on anthocyanin levels during a heat treatment in a model solution made with preparatively isolated blackcurrant anthocya-
nins. In agreement with our production trials at pilot plant scale, oxygen levels were only marginally important for the rate
of anthocyanin degradation, but the influence of sugar content, ascorbic acid content and pH value was highly relevant as
discussed in this report.

Keywords Spiral filter press - Reductive juice processing - Vacuum dejuicing - Blackcurrants - Anthocyanins - UHPLC-
DAD-ESI-QTOF-HR-MS/MS

Abbreviations Introduction

BV Bed volume

Cya Cyanidin Fruits like berries, cherries and plums often contain high
Del Delphinidin contents of anthocyanins, which are responsible for their red,
Glc Glucoside purple and blue colors [1]. Due to their intense color, black-
FNU Formazin Nephelometric Unit currants are an attractive and rich source of anthocyanins.

OEHHA

California Office of Environmental Health
Hazard Assessment

Juices and concentrates derived thereof can therefore be
used as natural coloring foods [2]. Apart from the colorful

Peo Peonidin anthocyanins, which also show potentially health-promoting
Pet Petunidin antioxidative and anti-inflammatory activities, blackcurrant
Rut Rutinoside juices or concentrates also contain health beneficial miner-
TE Trolox equivalents als like potassium and vitamins such as ascorbic acid and
TEAC Trolox equivalent antioxidant capacity provitamin A [3-5].

TSS Total soluble solids In the European Union, the coloring properties of black-
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currant juices and concentrates are often used to provide
color to fruit juice mixtures as well as to carbonated soft
drinks, because more and more producers worldwide are
banning particularly artificial colors from their recipes
[6]. The ban is motivated by continuing scientific insights
into the potentially detrimental health effects of consum-
ing artificial colorants. For instance, McCann et al. [6]
found a correlation between the consumption of azo dyes
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and hyperactivity in children. A recent report of the Cali-
fornia Office of Environmental Health Hazard Assessment
(OEHHA) has confirmed the link of artificial food dyes
with hyperactivity and other behavioral disorders [7]. In the
EU, foods containing specific artificial colorants have to be
labeled with the warning message that the respective color-
ant “may have an adverse effect on activity and attention in
children.” [8] (Directive 1333/2008, Annex V). Therefore,
“clean-labeling” with regard to colorants has had high pri-
ority in the EU. An often limiting factor of anthocyanin-
rich natural coloring foodstuffs is, in comparison to arti-
ficial dyes, their poor color stability upon heat treatments,
pH changes, light exposure, and the presence of oxygen,
ascorbic acid, metal ions and enzymes. Furthermore, the
present levels of sugars and co-pigments are influencing
the stability of anthocyanins [5]. Oxygen input during and
after fruit processing not just causes color changes of the
products, but also the decay of aroma impact compounds
and health-related bioactives beyond anthocyanins. Conse-
quently, product acceptance by consumers decreases. As a
consequence, food industrial processing commonly aims at
retaining maximum levels of fruit-derived anthocyanins and
other health-related bioactive compounds during production
and in the end products [9-11].

To minimize undesired oxygen-caused effects, a vacuum-
driven spiral filter pressing system was tested in this work to
produce blackcurrant juice. The innovative pressing system
was described and illustrated in detail in a previous study
[12]. In brief, this closed pressing system combines a milling
system under oxygen reduced atmosphere with subsequent
fast and continuous conveying of the mash to a spiral screw
that pumps the mash in thin layers through a sieve cylin-
der being set under reduced pressure. Driven by the pres-
sure gradient, the liquid is passed through the sieve, while
the solids are retained and pumped to the pomace outlet at
the end of the sieve cylinder. A further consequence of the
reduced pressure environment is a degassing effect simul-
taneously to dejuicing, thereby ensuring minimum amounts
of oxygen in the juice. Variable machine parameters allow
juice and also puree production, depending on the pore size
of the sieve used in the cylinder.

In this study, we first produced blackcurrant juices with
the aforementioned spiral filter press and two conventional
processing approaches, i.e. using a hydraulic horizon-
tal filter press and a decanter, all being used at pilot plant
scale in technological duplicates at approximately 200 kg
per batch in two different years (n=4 per technology).
After production, we investigated the retention of various
oxidation-sensitive constituents including anthocyanins as
well as of other compounds relevant for juice quality in the
obtained blackcurrant juices over the course of a stability
study at three temperatures (4, 20 and 37 °C) for 52 weeks.
Technology-related parameters such as juice yield, turbidity
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and viscosity were also assessed. Moreover, we conducted
a series of small-scale experiments following a modified
D-optimal design of experiments to study the influence of
the levels of oxygen, ascorbic acid and total sugars as well as
pH during heat treatment on blackcurrant anthocyanins. For
this purpose, blackcurrant anthocyanins were isolated from
a blackcurrant juice and then well-defined artificial model
solutions were made to adjust the beforementioned factors
at different levels, in order to gain deeper and more general
insights into the stability of anthocyanins from blackcurrant.

Materials and methods
Production of cloudy blackcurrant juice

A total of 1200 kg frozen blackcurrants (Ribes nigrum L.)
were purchased at a commercial distributor (Obst Trautner,
Walkenberg, Germany) in both August 2019 and September
2020 and subsequently stored at 3 °C before production. For
each batch, 200 kg for each one of two technical repetitions
per year and processing technology were warmed with a
ploughshare mixer (FM300D, Lodige, Paderborn, Germany)
to 50 °C before adding 40 mL of a concentrated pectinolytic
preparation designed for berry fruits (Fructozym Color, Erb-
sloh, Geisenheim, Germany) as recommended by the man-
ufacturer for blackcurrant processing (50-150 mL/1000 kg
mash). The enzyme treatment was carried out under continu-
ous mixing for 90 min at 50 °C (manufacturers’ recommen-
dation: 60—120 min at 45-55 °C). The complete degradation
of soluble pectin was confirmed by the pectin test [13] after
centrifuging an aliquot of 50 mL mash.

After mash enzymatic treatment, the warm mash was
pumped without further milling by an open hopper pump
(SRS, Kiesel, Heilbronn, Germany) into one of the differ-
ent dejuicing systems, namely the spiral filter press (Vacu-
1iQ-1000, VaculiQ, Hamminkeln, Germany), the horizontal
filter press (HP-L 200, Bucher, Niederweningen, Switzer-
land) or decanter (Z23-3, Flottweg, Vilsbiburg, Germany)
as described as follows.

The spiral filter press was equipped with a sieve of
100 pm pore size and a spiral with three mash channels.
The mash was pumped at a pump pre-pressure of 0.2 bar and
a spiral speed regulation of 60 Hz to the extraction cell. The
applied vacuum in the pressing chamber was 0.08-0.12 bar
below atmospheric pressure. After spiral filter dejuicing,
which lasted 15-30 min per batch, the raw juice was col-
lected in an inert atmosphere (N,) buffer tank.

For juice productions with horizontal filter press or
decanter, the mash was pumped by a progressive cavity
pump (SRS, Kiesel, Heilbronn, Germany) into the pressing
systems. During decanter dejuicing, the rotational speed of
the outer jacket was set at 5200 rpm, and the inner screw
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was adjusted to reach a differential speed of 12—13 rpm. The
diameter of the weir plate was 145 mm. Production time was
approximately 40 min per batch. The horizontal filter press
was filled with an initial amount of 40 kg mash. By adding
progressively 20 kg after every press cycle duration of two
min, a total of 200 kg was processed per batch. The maximal
pressure was 12 bar, and the total run time of the chosen
pressing program was 60 min. The raw juices produced by
decanter and horizontal filter press were collected in buffer
tanks without inert atmosphere according to conventional
practice.

For thermal preservation, the raw juices were rapidly
heated to approximately 78 °C by a fruit juice dispenser
(PAS1-PS2-81-V2, Mabo, Eppingen, Germany) and hot-
filled into amber glass bottles of 0.33 L volume. The bot-
tles were cooled back in a water bath from 78 to 20 °C in
approximately 15 min. The temperature—time profile was
recorded and was equivalent to a total pasteurization value
(P-value) of approximately 2.5, using a z-value of 10 K and
a reference temperature T, of 80 °C according to Wagner
etal. [12].

Both batches produced in 2020 were used for the stabil-
ity study. For this purpose, the filled 0.33 L-bottles were
stored at three different temperatures (4, 20 and 37 °C) in
a dark environment for 12 months, sampling an individual
bottle per nine different sampling points and freezing them
at —20 °C until further analyses.

Measurement of dissolved oxygen in the juice
and anthocyanins model solutions

For measurement of dissolved oxygen, a sample of
250 mL freshly pressed juice was analyzed immediately
after solid-liquid separation with an optical oxygen probe
(FireSting®-02 FSO2-4, Pyroscience, Aachen, Germany).
The beforementioned oxygen probe was also used to monitor
oxygen-levels in the anthocyanin model solutions described
below.

Determination of physico-chemical parameters

For determination of centrifugable cloud, an aliquot of
10 g of juice was centrifuged for 15 min at 4200 X g and the
supernatant was removed and discarded. The sample tubes
were drained upside down for 30 min at room temperature
and the cloud content was determined gravimetrically in %
(w/w) on basis of the pellet weight. Turbidity was measured
by a light scattering photometer (Nephla LPG 239.52, Dr.
Bruno Lange, Berlin, Germany).

Relative density was measured on the basis of the IFU-
method No. 1 with a flexural resonator (DMA 48, Anton
Paar, Graz, Austria) [14]. Total soluble solids (TSS, °Brix)
were measured at 20 °C using a digital refractometer

(Abbémat, Dr. Kernchen, Seelze, Germany). The extract
content was determined on basis of the density table of
Reichard [15]. The pH value was measured potentiometri-
cally at 20 °C (IFU-method No. 11 [14]). Individual sugars
(D-glucose, D-fructose, sucrose), citric acid and L-malic
acid were determined enzymatically (IFU-methods No. 55,
56, 22 and 21 respectively [14]). Total acidity (expressed as
citric acid at pH 8.1) was titrated (Titrator, Schott, Mainz,
Germany) based on IFU-method No. 3 [14].

Ascorbic acid contents were determined iodometrically
[16]. The total phenolic content was determined spectropho-
tometrically with the Folin—Ciocalteu reagent according to
Singleton and Rossi [17] with catechin used as reference.
The antioxidant activity as measured by the Trolox equiva-
lent antioxidant capacity (TEAC) assay was determined
by spectrophotometry (UVmini-1240, Shimadzu, Suzhou,
China) according to Re et al. [18].

Objective color measurement (CIE-L*a*b¥)

For color determination of juice samples after processing, a
spectrophotometer (Unicam 500, Thermo Electron, Dreieich,
Germany) was used. The deep red—black juice samples were
centrifuged (5 min at 12,850 g) and 1 mL of juice was
diluted with 19 mL of citrate buffer. For buffer preparation,
a 5.3% citric acid aqueous solution was adjusted to pH 3.0
with 1 M NaOH. The samples were measured in continu-
ous flow in a 2 mm cuvette (Hellma, Miillheim, Germany).
The resulting absorptions given by the software Vision Pro
V 2.03 (Thermo Electron) were used to calculate the CIE-
L*a*b* values, color saturation (chroma C* = (a**+ b*?)"%)
and the color hue angle (h° =arctan (b*/a*)).

For monitoring color development during the stability
study, photos were taken after 24 and 52 weeks in addi-
tion to CIE-L*a*b* measurements. For this purpose, a 1 mL
juice sample was pipetted in a small petri dish and placed
on a LED drawing board for standardized lighting during
photography.

Rheological behavior of juice

For determination of rheological behavior, a rotational vis-
cometer MCR 92 (Anton Paar, Graz, Austria) equipped with
a temperature control device MCR 92 was used. Viscosity
and shear stress of the juice samples were measured with
a cone-plate measuring system (diameter 49.95 mm, cone
angle 0.99°). An aliquot 0.6 mL juice was tempered to 20 °C
by the measuring system prior to recording 20 measuring
points at a shear rate range of 0.1-100 1/s. Besides consid-
ering the full range, data were evaluated at a share rate of
1/50 s in detail, mimicking the oral shear stress for liquids
according to Wood [19]. For data processing, the Rheoplus
V3.4 software (Anton Paar) was used.
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Preparative isolation of anthocyanins
from blackcurrant juice

To isolate phenolic compounds from a spiral filter-pressed
blackcurrant juice, an adsorber resin column (BPG 140/950
column, Pharmacia, Uppsala, Sweden) was filled with a bed
volume (BV) of 7 L Sepabeads SP70 (Mitsubishi, Chiyoda,
Japan; particle size > 250 um). After preconditioning the
column by rinsing with ca. 3 BV deionized water, a total
of 2 L juice was pumped on the column, followed by 3 BV
water to remove non-phenolic juice components. Adsorbed
anthocyanins and other colorless phenolic compounds were
subsequently eluted with 1 BV ethanol (96% v/v with 1%
methyl ethyl ketone, Mundo, Mainz, Germany). For the
regeneration steps, the column was flushed with water (3
BV), followed by each 1 BV of 0.1 M sodium hydroxide
(Tensid-Chemie, Muggensturm, Germany), water, 0.1 M cit-
ric acid (Weifang Ensign Industry, Shandong, China) and
water, respectively. The obtained ethanolic extract was sub-
sequently concentrated with a rotary evaporator (Heidolph
Laboranta 20 RC, Schwabach, Germany) to a volume of
ca. 500 mL. The concentrated extract was frozen in a round
vessel placed immersed and rotating in a methanol bath
at —40 °C (Christ CB 18-40, Christ, Osterode, Germany)
and subsequently freeze dried (Christ Beta 2—8 LD plus).
The composition of the obtained anthocyanin extract powder
was analyzed for its anthocyanin content as well as for other
physico-chemical parameters as described in Sect. “Deter-
mination of physico-chemical parameters”.

Experimental design and statistical analyses
Description of the design and data analyses

For the small-scale multivariate approach, a D-optimal
design of experiments, provided by Petersen and Mehr [20],
was implemented to investigate the influences of four fac-
tors, namely oxygen content (x,), pH value (x,), ascorbic
acid content (x3), sugar content (x,) and their interactions
on kinetics of blackcurrant degradation. Levels of factor x;
were 0-1, 4-5 and 8-9 mg oxygen/L juice. Levels of fac-
tor x, were adjusted to pH values from 2.8 to 4.6. In accord-
ance with a previous study on the effect of ascorbic acid on
anthocyanin stability by Rosso and Mercadante [21], x; was
varied from 0 to 4200 mg/L. Based on the blackcurrant juice
produced at pilot-plant scale (Sect. “Production of cloudy
blackcurrant juice”), the glucose to fructose (p.a. quality,
Carl Roth, Karlsruhe, Germany) ratio was set 0.75:1 and
the concentrations (x,) added to the model solutions were
0-600 g/L, covering the range from single strength juices
to juice concentrates.

The upper (xyppe) and lower (xj,y,,) limits of each of
these factors were coded as+1 (yypper) and =1 (Vigyer),
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respectively, and intermediate values were estimated using
Eq. 1.

Yi = Vower _ Xi ~ Xiower

T ey

upper — Xlower

yupper ~ Ylower

where y; is any ith coded value corresponding to ith real
value x;. According to the selected D-optimal design, the 30
experiments of the DoE plan No. 30.4.6 for four factors of
Petersen and Mehr [20] were performed in duplicate. The
effects of the different factors and their interactions on the
concentration of total anthocyanins Y (response value) were
modelled using Eq. 2.

4
Y=p,+ Z Bix; +

=1

j=

4
> Bxx @)

i=1 k=1

The coefficients  were obtained by fitting the multi-
ple linear regression model. The significance of different
coefficients was assessed using the p-value, the smaller
the p-value, the higher the significance (e.g., p <0.005,
p<0.001 and p <0.001 indicate significance at 95, 99 and
99.9% confidence value). All the significance value estima-
tions were carried out using T-statistic. The effect of any
given two factors on kinetics (degradation of anthocyanin
(Y) values) were visualized by creating the response surface
areas where other factors were kept constant. Data analyses
were carried out with own MATLAB code on MATLAB
version (R2020a. The MathWorks. Inc., Natick, USA), while
graphics were generated with Sigma Plot 12.0 (SPSS, Chi-
cago, IL, USA) and Adobe Illustrator 2022 (Version 26.0.2,
Adobe, San Jose, CA, USA).

Sample preparation and treatment

First, the dry constituents, ascorbic acid (x;) and sugar (x,)
were weighed into a 100-mL volumetric flask according to
the experimental design. The dry anthocyanin extract was
added at a dosage chosen to provide an anthocyanin content
ca. 85 mg total anthocyanins per L final test solution, yield-
ing a red solution practically achievable when, e.g., using
blackcurrant juice as a coloring ingredient in a beverage.
Subsequently, the samples were made up to 100 mL with
ultrapure water while adjusting the pH-value (x,) according
to the experimental design. For adjusting the pH to 3.6 and
4.6, acetic acid/acetate (0.1 M) buffer was used, for pH 2.8
acetic acid/acetate/hydrochloric acid (0.1 M) was used. The
30 required solutions with mixed factors were produced on
the same day, covered with nitrogen gas and stored in a dark
environment at 2 °C for 18 h due to practical reasons. Sub-
sequently, nitrogen or compressed air were used for adjust-
ing oxygen concentrations (0-1, 4-5, or 8-9 mg/L) prior to
starting the heat stability test as described below. Oxygen
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concentrations were monitored with the aforementioned
oxygen probe. After oxygen adjustment, the samples were
pH-corrected if needed and carefully filled into airtight glass
tubes. The headspace of the tube was kept small (approxi-
mately 1/10 of the tube volume) and additionally covered
with nitrogen for the samples with 0—1 and 4-5 mg/L oxy-
gen or with air for the samples with 8-9 mg/L oxygen.
Subsequently, after taking an unheated baseline sample at
t=0 min, the remaining samples were heated to 80 °C in
a water bath (Memmert, Biichenbach, Germany) for up to
300 min. A separate tube was sampled at each time point
(30, 60, 120, 210 and 300 min) and removed from the water
bath prior to rapid cooling down on crushed ice. Afterwards
the samples were stored at —20 °C until anthocyanin analy-
ses as described below. The obtained anthocyanin levels
were plotted over heating time to check whether the degra-
dation followed a first order kinetics.

HPLC analyses of anthocyanins

For juice sample preparation for HPLC analyses, approxi-
mately 15 mL juice was centrifuged for 10 min at 12,850 g.
An aliquot of 2 mL of the supernatant was combined with
8 mL of ultrapure water and filtered with a syringe filter of
0.45 um pore size (regenerated cellulose) into amber HPLC
vials. Anthocyanin model solutions of the experimental
design were filtered only without prior centrifugation and
dilution.

Compound identification was carried out on an UHPLC-
DAD-ESI-QTOF-HR-MS/MS system, employing an Elute
SP UHPLC system (Bruker Daltonik, Bremen, Germany)
equipped with a C18-column (Reprosil-Pur 120 ODS-3,
125X 2 mm, 5 pm particle size, Dr. Maisch, Ammerbuch,
Germany) with a guard cartridge of the same material oper-
ated at 40 °C. The UHPLC system was interfaced with a
timsTOF mass spectrometer (Bruker Daltonik) with an
electrospray ionization (ESI) source. Compass HyStar 5.1,
Compass otofControl 6.0 and Compass Data Analysis 5.3
software (all from Bruker Daltonik) were used for operat-
ing and data analyzation. Injection volume was 2 pL. and
the flow rate 200 pL/min. Solvent A was a mixture of water
and formic acid (95/5 v/v) and solvent B was methanol. The
gradient program for HPLC separation with a total run time
of 29 min was: isocratic hold at 10% B (1 min), 10 to 40%
B (18 min), 40 to 100% B (2 min), isocratic hold at 100%
B (2 min), 100 to 10% B (1 min) and isocratic hold at 10%
B (5 min). All MS settings were as detailed elsewhere [12].

Quantification was carried out applying an UHPLC-DAD
system (UltiMate 3000, Thermo Fisher, Waltham, MA,
USA). HPLC settings and eluents were used as described
above. For the quantification of single anthocyanins, a lin-
ear calibration curve monitored at 520 nm was set up with
authentic cyanidin-3-O-glucoside (Extrasyntheése, Genay,

France). Anthocyanin levels were expressed in mg cyani-
din-3-0-glucoside equivalents per L. Data processing was
done with Chromeleon 7.2.8 (Thermo Scientific/Dionex,
Sunnyvale, CA, USA).

Statistics

This work compared blackcurrant juices produced by the
three aforementioned pressing systems in two technological
replicates per year in two separate years (n=2 per year, n=4
in total). In 2020, the juices were also analyzed in duplicate
in a subsequent stability study to understand the impact of
time and temperature (4, 20 and 37 °C) on the degrada-
tion of oxidation-sensitive compounds during dark storage.
Samples were taken at 11 dates (weeks 0, 2, 4, 6, 8, 10, 12,
16, 20, 24 and 52). The means and standard deviations (SD)
of the measured levels of each analyte were calculated and
presented as mean + SD. Analysis of variance (ANOVA)
was performed (x=0.05) comparing data from the three
different pressing systems within each year, followed by the
Tukey’s HSD test if statistical significance was indicated by
the ANOVA. Statistical analyses were calculated using JASP
0.16.3. JASP Team, 2022).

Results and discussion

Juice parameters after production at pilot plant
scale

General parameters

Table 1 shows the physico-chemical parameters of the black-
currant juices obtained from replicated processing trials
(n=2 in each of two years) with three different pressing sys-
tems. In both years, the yields obtained with the horizontal
filter press were higher (74-78%) than those obtained with
the spiral filter press (56—62%) and the decanter (58-64%,
Table 1).

Spiral filter dejuicing resulted in cloud contents of
22.5-23.7%, being significantly higher than what had been
achieved with the other systems across all trials (1.5-6.2%).
The high cloud contents in the spiral filter pressed juice
occurred presumably due to the pore size of the used sieve
(100 um) and the applied vacuum, pulling smaller cell frag-
ments through the sieve pores. In addition, the continuous
transport of the pomace across the retentate side of the
sieve due to the rotating spiral does not allow the build-up
of a depth filtration filter cake, commonly allowing for the
retention of particles smaller than the actual pore size of a
filter membrane or sheet. The latter phenomenon is known
to occur in horizontal filter presses, consequently yielding
lower cloud contents (6.0-6.2%). The high centrifugal forces
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Table 1 Physico-chemical parameters of raw juice derived from dejuicing blackcurrants with three different pressing systems in 2019 (n=2,

technological replicates) and 2020 (n=2)

2019 2020

Spiral Horizontal Decanter Spiral Horizontal Decanter

Filter press Filter press Filter press Filter press
Yield [%] 62.1+3.2° 78.4+1.2° 57.9+3.2° 555+5.0 74.3+9.6 64.1+1.9
Cloud content [%] 225+1.2° 6.0+£04° 1.5+0.7¢ 23.7+2.9 6.2+0.4° 1.9£0.1°
Turbidity [FNU] 11004 +207* 2329 +398° 832+ 382° 8778 +1129* 2533 +12° 863 +164°
Viscosity [mPa-s] ! 4525+ 1124 149.7+64.8°  85.9+8.0° 2533 +370° 71.7+86.7° 3.8+0.7°
Oxygen [mg/L] 33+0.1 10.1+2.8 9.9+4.0 2.8+0 47+1.0 6.5+0.5
Density d(20/20) [g/mL] 1.0703 +0.0028 1.0698+0.0006 1.0690+0.0028 1.0646+0.0031 1.0673+0.0006 1.065=+0.0013
TSS [°Brix] 16.6+0.6 16.4+0.1 16.3+0.6 15.3+0.7 15.9+0.1 15.4+0.3
Extract [g/L] 182.8+7.4 181.5+1.5 179.5+7.3 168.0+38.1 1749+1.5 169.0+3.5
pH value 2.78+0.01 2.75+0.01 2.76+0.01 2.80+0.01 2.82+0 2.81+0.01
Total sugar [g/L] 104.5+4.8 101.2+0.2 102.6 +4.7 85.6+5.4 91.5+12 88.7+0.8
D-glucose [g/L] 43.8+1.7 412+04 434435 36.2+2.1 37.0+0.1 352+09
D-fructose [g/L] 57.5+1.9 552+0.1 56.7+4.2 48.2+3.0 51.0+0.8 49.9+0.7
Sucrose [g/L] 32+1.3 48+0.5 3.7+£09 1.2+03 3.6+0.5 3.6+0.8
Total acidity [g/L] 36.5+0.5 385+1.1 36.4+0.3 41.7+15 40.4+0.2 38.6+1.0
Citric acid [g/L] 31.8+0.2° 33.0+0.4% 31.0+0.5" 40.6+1.9 40.0£0.1 382+1.2
L-malic acid [g/L] 49+03 51+0.2 5.0+0.2 3.1+02 3.0+0.1 2.6+0.1
Ascorbic acid [mg/L] 2213+117 210577 2095 +127 1877 +88* 1564 +52° 1455 +70.0°
Total phenols [mg/L] 2 5922 +179 5856 +57 5657 +327 7300+ 369 7119+125 6929+192
Antioxidant capacity [mmol TE/L]? 62.5+1.0 57.6+0.3 55.4+3.0 66.8+2.1 63.2+4.5 67.1+0.7

! As measured at a shear rate of 1/50 s, mimicking the oral shear stress for liquids according to Wood [19]

2As measured by the Folin—Ciocalteu assay

3 As measured by Trolox equivalent antioxidant capacity (TEAC) assay

FNU Formazin Nephelometric Unit, 7SS total soluble solids, TE Trolox equivalents

Different superscript letters (a, b, ¢) indicate significant (p <0.05) differences of means within one year. Analyses were carried out in duplicate

in the decanter allowed to obtain the lowest cloud contents
in our study (1.5-1.9%). These findings differ from those
of our previous study on red-fleshed apples [12], where the
dejuicing in the spiral filter-press resulted in cloud contents
of 4.6-7.7%, which was more comparable to the cloud con-
tents that had been achieved by horizontal filter press and
decanter dejuicing. The possibly softer texture of the black-
currant cell matrix, excepting the fruit’s peel, as compared
to that of apples, might explain why more cell material had
been sucked through the 100 um sieve cylinder when dejuic-
ing blackcurrant. Thus, whether or not the spiral filter press
leads to cloud-rich products depends also on the material to
be dejuiced.

The turbidity of the raw juices measured by light scat-
tering was in accordance with the cloud contents, i.e.,
with turbidity being significantly higher in the spiral filter
pressed juice (8778-11004 Formazin Nephelometric Unit
(FNU)) than in the other juices (832-2533 FNU). As a
consequence, the viscosity of the spiral filter pressed juice
(2533-4525 mPa-s) was also significantly higher than that
of the horizontal filter pressed juice (72—-150 mPa-s) and
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the decanter juices (4—-86 mPa-s, Table 1). In 2020, the
viscosities of all juices were lower than in 2019, which
could be a consequence of the raw material. As shown in
Table 1, oxygen content after pressing was lower in juices
of the spiral filter press (2.8-3.3 mg/L), compared to those
in the horizontal filter pressed and decanter made juices
(4.7-10.1 mg/L).

Relative density and total soluble solids (TSS, °Brix)
were in the same range in both vintages and all pressing
systems. They were within the limits specified by the AIIN
Code of Practice for blackcurrant juices [22] (rel. density
20/20 of min. 1.0421 g/mL and min. 10.5°Brix). The pH
(2.75 to 2.82) values were within the limits for blackcurrant
juice (max. 2.85) given by AIJN Code of Practice.

The sugar contents were widely similar independently of
the pressing system in 2019 and 2020. Contents of D-glu-
cose, D-fructose and sucrose were all within the range
given by AIIN (glucose: 20-50 g/L; fructose 25-65 g/L;
sucrose max. 5 g/L). Comparing juices from 2019 and
2020, the contents of sugars were slightly higher in 2019
and just small differences between the pressing systems
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were observed (Table 1). In all juices, the citric acid con-
tents (31.0-40.6 g/L, Table 1) were within the AIJN Code
of Practice values (26—42 g/L) with slightly higher contents
in 2020.

L-malic acid contents (2.6-5.1 g/L, Table 1) were within
or slightly higher than the AIJN values (1-4 g/L) and gen-
erally higher in 2019. Our findings regarding sugars and
organic acids are in agreement with Laaksonen et al. [23]
who investigated juices derived from five different blackcur-
rant cultivars produced by different processes. Likewise, we
had earlier reported that, expectedly, the spiral filter press
had not affected sugar and acid levels of red-fleshed apple
juices [12].

Ascorbic acid and phenolic content (Folin-Ciocalteu assay)

In 2019, the ascorbic acid contents were widely independ-
ent from the pressing system (2095-2213 mg/L), although
the spiral filter press had delivered juices with the tenden-
tially highest levels (2213 mg/L, Table 1). The contents in
2020 were lower than in 2019, and those of the spiral filter
pressed juices were significantly higher (1877 mg/L) than
the contents in the juices made with the horizontal filter
press (1564 mg/L) or decanter (1455 mg/L, Table 1). All val-
ues were well above the AIJN Code of Practice min. value of
500 mg/L L-ascorbic acid. Although we have not measured
the content in the initial fresh berries, we assume that a large
proportion of the amount naturally present in fresh berries
was preserved during processing, particularly during spiral
filter pressing, because Rubinskiene et al. [24] have reported
native ascorbic acid amounts of up to 2210 mg/kg in fresh

berries. Similarly, Wagner et al. [12] have earlier reported
higher amounts of ascorbic acid in juices from red-fleshed
apples made with the spiral filter press (21-40 mg/L) as
compared to those made with decanter or horizontal filter
press (5—11 mg/L). Earlier, ascorbic acid contents in straw-
berry purees produced by Possner et al. [25] with a spiral
filter were almost twice (534 mg/L) as high as those of con-
ventionally produced puree (294 mg/L).

Unlike ascorbic acid, the total phenol contents in the
2019’s juices obtained from all pressing systems were
lower (5657-5922 mg/L) than in those produced in 2020
(6929-7300 mg/L, Table 1). Thus, a particular inverted
behavior of ascorbic acid and total phenols of juices in
2019 (‘low’ total phenols of 5657-5922 but ‘high’ ascorbic
acid of 2095-2213 mg/L) and 2020 (‘high’ total phenols
of 6929-7300 but ‘low’ ascorbic acid of 1455-1877 mg/L)
was observed.

Anthocyanin levels and color values

Table 2 shows the anthocyanins as found in the juices by
UHPLC-DAD-ESI-QTOF-HR-MS/MS, the resulting chro-
matogram is presented in Fig. 1.

Individual anthocyanins were assigned by the exact mass
of their molecular ions (M™) as compiled in the caption of
Fig. 1 and their mass fragmentations in the ESI(+)-HR-MS/
MS experiments. Neutral losses of the dehydrated sugar
moieties (hexoses: C¢H,(Os, 162.0528 amu; deoxyhexosyl-
hexoses: C;,H,,0y, 308.1107 amu) resulted in the molecular
ions of delphinidin (C,sH,,0,", calc. m/z 303.0499), cyani-
din (C;5H,,04", calc. m/z 287.0550), petunidin (C,¢H;;0,%,

Table 2 CIE-L*a*b* color

. L 2019 2020

values in diluted (1:20) juice

and levels of anthocyanins in Spiral Horizontal Decanter  Spiral Horizontal Decanter

raw juice derived of dejuicing . . . .

blackcurrants with three Filter press Filter press Filter press Filter press

02019 013 tecmological O

replicates) and 2020 (n=2) L* 75.7£09 753+03 75.6+04 765+02 773+0.6 788+1.6
a* 477+12 484+0.6 479+09 468+03 457+1.1 43.0+28
b* 41+£08 42+02 43+0 3.4+0.1 2.8+0.3 23+0.5
Hue angle h°® 49+08 49+0.1 5.1+0.1 4.1+£02 3.5+03 31+05
Chroma C* 479+13 485+0.6 48.1+09 47.0+03 458+1.1 43.0x29

Anthocyanins [mg/L]

Delphinidin-3-O-glucoside 320+5 297+49 304+18  276+17°  338+0° 324 +4°
Delphinidin-3-O-rutinoside 654+19  639+114 627+79  738+28° 929+44% 919+46°
Cyanidin-3-0-glucoside 121+£10 10716 119+1 144 £5 135+6 126 +1
Cyanidin-3-O-rutinoside ~ 518+30  464+77  506+18  684+19* 646+13® 602+9°
Petunidin-3-O-rutinoside =~ 17+0 16+3 162 20+1° 24+1° 24+1°
Peonidin-3-O-rutinoside 6+0 6+1 6+1 11+0 11+0 11+0
Total anthocyanins 1636 +26  1529+260 1578+120 1872+70 2083+25 2005+59

Different superscript letters (a, b) indicate significant (p <0.05) differences of means within one year. Lines
without superscript letters do not contain significantly different means
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Fig. 1 Representative HPLC—
DAD chromatogram of antho-
cyanins in a spiral filter pressed
juice obtained from blackcur-
rants. Peak assignment as
follows, 1: delphinidin-3-O-glu-
coside (experimental M* at m/z
465.1023), 2: delphinidin-3-0-
rutinoside (m/z 611.1609), 3:
cyanidin-3-O-glucoside (m/z
449.1074), 4: cyanidin-3-O-
rutinoside (m/z 595.1657), 5:
petunidin-3-O-rutinoside (m/z
625.1765), 6: peonidin-3-0O-
rutinoside (m/z 609.1818)

DAD signal

calc. m/z 317.0656) and peonidin (C,¢H,;04%, calc. m/z
301.0707). Tentative assignment as 3-O-glucosides and
3-O-rutinosides was achieved by comparison of retention
times and spectral characteristics to those of the authentic
reference standard cyanidin-3-O-glucoside as well as litera-
ture data [26]. The prevailing anthocyanins in our blackcur-
rant juices listed according to their concentration in descend-
ing order were delphinidin-3-O-rutinoside (approximately
39.7-45.9% of total anthocyanins), cyanidin-3-O-rutinoside
(approximately 30.0-36.5%), delphinidin-3-O-glucoside
(approximately 14.8-19.6%), cyanidin-3-O-glucoside
(approximately 6.3-7.7%), petunidin-3-O-rutinoside
(approximately 1.0-1.2%) and peonidin-3-O-rutinoside
(approximately 0.4-0.6%), in agreement with Nour et al.
[27]. Irrespective of the processing technology, the range
of total anthocyanin levels found throughout the processing
trials (1529-2005 mg/L, Table 2) were in accordance with
those found by Rubinskiene et al. [24] (1199-1956 mg/L)
in nine blackcurrant varieties.

No significant differences in anthocyanin levels were
observed when comparing the juices from the three pressing
systems (Table 2). Wagner et al. [12] had found significantly

4
Retention time £, (min)

higher amounts of total anthocyanins in spiral filter pressed
red-fleshed apple juice (75 mg/L) compared to reference
juices (17 mg/L), although the levels therein were drasti-
cally lower than those of the present study (Figs. 2 and 3).

In agreement with the non-differing anthocyanin levels,
juice color of the diluted juices (1:20, see above) produced
by the three pressing systems showed no visually noticeable
differences. All juices had a deep red-blackish color without
significantly different CIE-L*a*b* values after processing
(Table 2 and Fig. 4).

Stability study (samples of 2020 only)
Development of anthocyanin levels and color values

During storage at 4 °C, the total anthocyanins declined from
1872 to 1468 mg/L, from 2083 to 1430 mg/L and from 2005
to 1501 mg/L after spiral filter press, horizontal filter press
and decanter dejuicing, respectively (Fig. 2). The degrada-
tion rate k was slightly lower in the spiral filter pressed juice
(4.6%107 week ™), resulting in a higher theoretical half-life
(t,,) of 148 weeks and 78% remaining anthocyanins after

Total anthocyanins

2500 -

—e— Spiral filter press
=000k 2 F B . Horizontal filter press
E TYIT¥hNg~§ = & T 5 Decanter
S 1500 : : = Wig
® 1 I?‘}\;_ 1
g i "
£ 1000 ! ¢
° N\

=g +
500 * o
09 10 20 5 0 10 20 5 0 10 20 50
Weeks

Fig.2 Levels of total anthocyanins in juices derived from three press-
ing systems in 2020 during 52 weeks of storage at 4, 20 and 37 °C.
Data represent means and standard deviations of two technological
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replicates. The influence of the storage temperature was more pro-
nounced in comparison to the pressing system
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Fig.3 Absolute concentration and relative retention of individual
anthocyanins in juices derived from spiral filter press, horizontal
filter press and decanter dejuicing after 52 weeks of storage at two
temperatures (4 and 20 °C) in 2020. Cya, cyanidin. Del, delphinidin.
Glc, glucoside. Peo, peonidin. Pet, petunidin. Rut, rutinoside. Data

Spiral
filter
press

Horizontal
filter
press

Decanter

Week 0

represent means and standard deviations of each two technological
replicates (n=2). Different letters (a, b, c, d) indicate significantly
different (p <0.05) means of the respective relative concentration at
the end of the storage study. Bars without superscript letters do not
contain significantly different means

Week 52

Week 24

Fig.4 Photographs of blackcurrant juices (layer thickness in petri dish ca. 5 mm) produced by spiral filter press, horizontal filter press and
decanter after processing in 2020 (week 0) and after storage for 24 (left to right 4, 20 and 37 °C) and 52 weeks (left to right 4, 20 and 37 °C)

52 weeks, compared to the reference variants where k and
t,, were 7.2%107 week ™! and 96 weeks with 68% preserva-
tion after 52 weeks in the horizontal filter pressed juice and
5.5%107 week ! and 125 weeks with 75% remaining after
52 weeks in the decanter made juice.

At 20 °C, total anthocyanin contents declined continu-
ously without significant differences between the pressing
systems during storage with a degradation rate k of 2.4 to
2.8%1072 week !, and 25-29 weeks of #,,, with 23-29% ini-
tial anthocyanins remaining after 52 weeks.
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At 37 °C, a sharp decrease in total anthocyanins (k of 1.7
to 1.8%107! week‘l) was seen, i.e., t;,, was less than 4 weeks,
with only 28-30 mg/L remaining after 24 weeks of storage
and virtually no quantifiable anthocyanins after 52 weeks.

Regarding levels of individual anthocyanins, the influ-
ence of temperature during the stability study was stronger
compared to that of the used pressing system. By analogy to
total anthocyanins, no significant differences were observed
between the different pressing systems during storage at 4,
20 and 37 °C.

As shown in Fig. 3, only insignificant differences in the
relative retention of different individual anthocyanins were
seen after 52 weeks at 4 °C. At a storage temperature of
20 °C, the relative retention of peonidin-3-O-rutinoside
(49.6-53.7%) and petunidin-3-O-rutinoside (35.8-42.6%)
was significantly higher than that of the cyanidin- and
delphinidin-based anthocyanins (21.7-31.3%) in all juices,
although significance was not reached for petunidin-3-O-
rutinoside in horizontal filter pressed-juices (Fig. 3). It
should also be noted that these apparently more stable
anthocyanins had been present in very low amounts only.
Furthermore, in all juices, the relative retentions of delphi-
nidin derivatives were slightly but not significantly higher
than those of the cyanidin derivates. Figure 4 shows a series
of photographs to illustrate the consequences of anthocyanin
degradation on juice color.

Total phenols (Folin) [mg/L]
S
S

Ascorbic acid and total phenolic content (Folin-Ciocalteu
assay)

As seen in Table 1, the spiral filter pressed juices con-
tained significantly higher amounts of ascorbic acid and
slightly higher amounts of total phenolic content than
the reference juices made with horizontal filter press and
decanter throughout our storage study (Table 1; Fig. 5).

At the end of the storage period (52 weeks) at 4 °C,
94-96% of the initial ascorbic acid amounts remained
widely irrespective of the used technology, but with
slightly higher absolute amounts for the spiral filter juice
compared to the reference juices. In the juices stored at
20 °C, the amounts decreased to 76—-80% of the initial
amounts after 52 weeks, again with slightly higher abso-
lute amounts in the spiral filter pressed juice compared
to those in the horizontal filter and decanter made juices.
Similar findings were made for the juices stored at 37 °C
(Fig. 5).

Irrespective of the used technology, the total phenolic
content showed a more pronounced decline than the levels
of ascorbic acid during the first 24 weeks of storage, then
plateauing in the period from 24 to 52 weeks. All juices
stored at 4 and 20 °C retained more than 80% of the initial
content after 52 weeks (Fig. 5), and at 37 °C still up to
68%.

20°C l\l\ 37°C
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Fig.5 Total phenols (Folin-Ciocalteu assay) and ascorbic acid in
juices derived from three pressing systems during 52 weeks of stor-
age at three temperatures (4, 20 and 37 °C) in 2020. Data represent
means and standard deviations of each two technological repli-
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cates (n=2). Different letters (a, b) indicate significantly different
(p <0.05) means of the respective concentration at the end of the stor-
age study
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Systematic investigation of factors influencing
the stability of blackcurrant anthocyanins

Since the apparently marginal effect of oxygen that we had
noticed during our processing trials was partly unexpected,
we sought to study other influence factors beyond oxygen
levels in order to gain more insights into the stability of
anthocyanins within the “blackcurrant food system”. There-
fore, a design of experiments following a modified D-opti-
mal design was carried out, heating model solutions of
blackcurrant anthocyanins at 80 °C for 300 min at variable
oxygen level (x,), pH (x,), ascorbic acid (x;) and sugar (x,)
levels. Polynomial regression analyses yielded Eq. 2 with
the coefficients shown in Table 3.

Figure 6A illustrates the effects of the levels of dissolved
oxygen (approximately 0.5 to 8.5 mg/L), ascorbic acid
(0-4200 mg/L) and total sugar concentration (0-600 g/L)
on anthocyanin levels after heating for 300 min at 80 °C
and pH 2.8. In this excessive heating experiment, increased
oxygen levels were associated with lower anthocyanin lev-
els obtained after heating, although the magnitude of the
effect was lower than that of the influence of sugar concen-
trations in this experiment (cf. white to grey to black planes,
Fig. 6A). In agreement with the observed poor influence of
oxygen, Iversen [28] has similarly noticed that a deaera-
tion of blackcurrant nectar before bottling had no effect on
anthocyanin content during 6 months storage at 20 °C. Inter-
estingly, the deleterious effect of oxygen on anthocyanins
depended very little on the sugar concentration, while the
effect of ascorbic acid levels on anthocyanins was strongly
interacting with that of the sugar concentration. Anthocya-
nin degradation was aggravated at high ascorbic acid and
low sugar concentrations. Thus, higher sugar concentrations

Table 3 Coefficients derived from the regression analyses according
to Eq. 2 to model the anthocyanin level in mg/L after heating at 80 °C
for 300 min

Linear terms Interaction terms Quadratic terms

by 34.53(0.00) by, 130(0.17) b, —1.50(0.37)
b, -090(0.29) b;5  -0.69(0.55 by,  1.28(0.47)
b, -6.05(0.00) b,  —0.83(0.52) by, 1.96 (0.32)
b, ~1.78 (0.07) by, 2.81(0.01) by, -0.02(0.99)
b, -292(0.01) by,  —8.05(0.00)

by 3.84 (0.00)

Coefficients were obtained after normalizing all level values of
the factors x, to x, to values between —1 and+1 as described in the
Materials and methods section. The p-value indicating the signifi-
cance of the corresponding factor is given in brackets

Indices show to which factor a term is related: 1: Oxygen level (x,), 2:
pH (x,), 3: Ascorbic acid level (x3), 4: Total sugar level (x,)

A. Heating model solutions at 80 °C for 300 min at pH 2.8
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Fig.6 Response surface plot illustrating the effect of levels of dis-
solved oxygen, ascorbic acid and total sugars on blackcurrant antho-
cyanin levels after heating model solutions at 80 °C for 300 min at
pH 2.8 (A) and pH 4.6 (B). Initial anthocyanin content was approxi-
mately 85 mg total anthocyanins per L

had better protected the anthocyanins from an ascorbic acid-
driven degradation. These findings are in agreement with
those of Garzén and Wrolstad [29], who already had noticed
increased anthocyanin stability at lower water activity. Also
Hubbermann et al. [30] have seen an anthocyanin stabilizing
effect at increased sugar levels in solutions containing con-
centrated blackcurrant juice. Although not reporting sugar
concentrations or water activity in their study, De Rosso &
Mercadante [21] have identified the high ascorbic acid con-
tent as a root cause for the poor stability of anthocyanins in
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acerola (Malpighia spp.) extracts. Although being known for
along time [31], the instability of anthocyanins in presence
of ascorbic acid is often counter-intuitive, because ascor-
bic acid is commonly found to stabilize most other pigment
classes such as betalains [32] and carotenoids [33, 34], but
not anthocyanins.

Since the deleterious effect of ascorbic acid on blackcur-
rant anthocyanins was much less pronounced at high sugar
concentrations, the manufacture of juice concentrates for
shipping or long-term storage might bear a clear advan-
tage over that of single strength juices. Rubinskiene et al.
[24] have studied the stability of a spray-dried and then re-
dissolved blackcurrant anthocyanin extract and noted that
the addition of 40% sucrose, but not of 40% fructose had a
beneficial effect on pigment retention after heating at 70 °C
for 2 h.

Figure 6B illustrates the influence of the same factors
shown in Fig. 6A on the anthocyanin levels found after heat-
ing for 300 min at 80 °C at pH 4.6, while Fig. 6A had shown
data obtained at pH 2.8. Most obviously, the protective effect
of the sugar concentrations not only disappeared, but also
inverted into an unexpectedly clear adverse effect at higher
pH (cf. planes from black to grey to white, Fig. 6B).

Already Calvi and Francis [35] have observed a desta-
bilizing effect for anthocyanins during heating (85-95 °C)
at pH 3.2 after the addition of 15% sucrose. This was con-
firmed by a previous study by Dyrby et al. [36], who showed
that sugar in combination with heating time at 80 °C had a
negative influence on anthocyanins in model-solutions with
a pH of 3.0. Sadilova et al. [37] made heat-induced sugar
and ascorbic acid degradation products responsible for a
higher anthocyanin decrease. Previously, Jiménez et al. [38]
have observed an almost fourfold accelerated degradation
of blackberry anthocyanins when reducing water activity
from 0.99 to 0.34 during heating at high temperatures, i.e.,
100-140 °C. They ascribed this apparent contradiction to
other studies that had shown a positive effect of increasing
sugar concentrations to a deleterious effect of non-enzymatic
browning reactions, particularly speculating about polymeri-
zation reactions between 5-hydroxymethylfurfural (5-HMF)
and anthocyanins. They confirmed their earlier findings in
another study later [39]. Although 5-HMF had not been
determined in our study, the pH increase from 2.8 to pH
4.6 might be speculated to possibly have boosted 5-HMF
formation, as Roig et al. [40] have shown that 5S-HMF levels
in orange juice had increased upon pH change from 3.9 to
4.6 from 0.5 to 5.2 mg/L when heating at 80 °C for 40 min.
A significant effect mediated by a pH-driven enhanced
L-ascorbic acid degradation appears unlikely, because the
deteriorative effect of increased sugar levels also appeared
in experiments without any ascorbic acid. However, whether
or not an enhanced 5-HMF formation or other types of non-
enzymatic sugar and/or ascorbic acid degradation reactions

@ Springer

had been involved in the “sugar-driven” anthocyanin degra-
dation reactions at pH 4.6 remains unclear in our study and
warrants further investigation.

Conclusions

The processing of frozen blackcurrants with a vacuum-
driven spiral filter press and two conventional pressing
systems resulted in fruit juices similar in color and levels
of nutritionally favorable constituents. While the fast and
continuous production in an atmosphere low in oxygen just
slightly influenced the constituents susceptible to oxidation,
the temperature during storage showed the highest effect.
Independently from the pressing system, the anthocyanin-
based deep red color was maintained for one year at 4 and
20 °C.

A subsequent multifactorial test series confirmed that var-
ying oxygen contents showed a comparably weak effect on
the levels of blackcurrant anthocyanins, whereas the sugar
content in dependence of the pH value showed a comparably
strong effect. At low pH values (2.8), high sugar contents
(600 g/L) seemed to have a protective effect on the antho-
cyanins during heat treatment at 80 °C for 300 min, while a
contrary effect was seen at the higher pH 4.6.
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