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W N e

Simple Summary: Current practice in the management of fruit waste and by-products does not fully
exploit waste potential, since fruit waste often contains valuable compounds that can be extracted
and used in different industries. Black elderberry press cake is a by-product of the production
of black elderberry juice that contains residual polyphenolic compounds with different bioactive
potentials. The main focus of this research was to propose new streams to use black elderberry press
cake, specifically to demonstrate the possibility of implementing green and safe technology in the
food and pharmaceutical industries in order to enable more economical waste management, as well
as to develop new technological lines that will increase economic growth. Our findings provide
comprehensive approaches for treating anthocyanin-rich black elderberry press cake, which is highly
correlated with antidiabetic potential, thereby enhancing its application for the development of novel
food and herbal formulations.

Abstract: To study the efficiency of two green-based extraction techniques for the isolation of bioactive
constituents from black elderberry press cake, changes in phenolic compounds and main anthocyanin
contents were analyzed. Polyphenolic content was correlated with antioxidant and antidiabetic
potential by radical-scavenging activity and monitoring of x-amylase inhibition. Black elderberry
press-cake extracts were obtained by ultrasound-assisted (UAE) and microwave-assisted (MAE)
extractions under different extraction conditions. High-performance liquid chromatography (HPLC)
analysis revealed that cyanidin-3-sambubioside and cyanidin-3-glucoside were the principal an-
thocyanins in all the obtained extracts, with their content being highest in MAE obtained at 80 °C
over 5 min. The same extract induced two-fold higher antioxidant activity (ICsp 6.89 pug/mL) and
x-amylase inhibitory potential (ICsp 2.18 mg/mL) in comparison to UAE extracts. The main composi-
tional differences between extracts obtained by the same extraction technique were assigned to the
extraction temperature. A principal component analysis confirmed that the antidiabetic feature is to
be attributed to the rich content of anthocyanins in black elderberry press cake. Our results indicate
the great potential of underutilized black elderberry press cake for the development of novel food and
herbal formulations due to notable anthocyanin contents highly correlated with antidiabetic activity.

Keywords: elderberry press cake; Sambucus nigra; anthocyanins; ultrasound-assisted extraction;
microwave-assisted extraction; antidiabetic activity

1. Introduction

In contemporary society, the human population is turning to use natural products due
to the increased harmful effects caused by various synthetic additives [1]. The use of fruit-
and vegetable-based products has become part of a model of healthy living and health
maintenance. On the other side, producers must meet their target groups’ needs. A large
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amount of waste and by-products (about 33% of the initial fruit mass) is generated in the
production of fruit and vegetable juices [2]. The question is whether it is possible to use
these wastes and by-products after industrial production and how to use them in order to
obtain some valuable nutrients or bioactive compounds. The goal of full utilization of raw
material is to monitor the zero-waste concept and to establish production for maximum
utilization [3].

Black elderberry (Sambucus nigra L.) press cake (a by-product left after juice processing)
has been profiled as an efficient and alternative bioresource for various nutrients and
bioactive phytochemicals, such as phenolics, anthocyanins, etc. Using different valorization
approaches which can optimize the processes, the development of procedures for green
waste sustainability and consequent economic benefits could be achieved. According to
statistical data published by the Food and Agriculture Organization (FAO) [4], 43,804 tons
of fresh fruit were produced in Europe in 2020, including elderberries. The high demand
for elderberry-based products and dietary supplements has led to increased elderberry
production over the last several years, mostly due to the COVID-19 pandemic [5,6]. The
annual growth rate of the elderberry market is forecast to be 6.52% by 2025, which will
generate a large amount of waste after elderberry processing and open possibilities for
its utilization [7]. Elderberries are mostly composed of hemicellulose and cellulose, but
they also represent an important source of polyphenolic compounds. Recent studies have
reported that most of the polyphenols and anthocyanins in black elderberry remain in the
press cake after juice pressing. Among the anthocyanins, the most abundant are cyanidin-
3-sambubioside and cyanidin-3-glucoside [8]. Plant-based products rich in anthocyanins
are believed to have pharmacological relevance and therapeutic applicability due to their
biological activities, especially antioxidant effects. Anthocyanins can reduce neurological
diseases and heart-disease risks, and exert an anti-inflammatory role related to obesity
and diabetes [9,10]. Anthocyanins have been described in the literature as inhibitors of a-
amylase. They also regulate blood glucose, normalizing insulin secretion and resistance [11].
However, despite its high nutritional and pharmacological values and the economic interest
in bioactive substances, black elderberry press cake is an underutilized resource.

However, in recent years, thanks to new scientific cognitions related to mechanisms
enabling the separation of compounds from complex matrices, significant progress has
been made in developing technology for the isolation of pharmacologically active com-
pounds of natural origin. Special attention has been paid to the development of green
chemical processes with reduced extraction times using environmentally friendly solvents.
Furthermore, the use of these techniques reduces the generation of new waste through
striving after the full utilization of resources [12,13]. Ultrasound-assisted extraction (UAE)
and microwave-assisted extraction (MAE) are emerging techniques increasingly used in
many industries. The ultimate effect of these techniques is to destroy the cell walls of plants
and release phytochemical compounds into solvents [14]. According to the literature, MAE
was previously performed on elderberry press cake to isolate pectin from defrosted raw
material [15]. In a study by Kitryté et al. (2020) [16], UAE was used to isolate non-polar
compounds and sambunigrin from black elderberry press cake, using hexane as a solvent.
These data enabled the expansion of UAE and MAE applications for elderberry press-cake
valorization. The mentioned techniques were also applied in the isolation of polyphenolic
compounds, primarily anthocyanins, from dried elderberry fruit [17-19].

For the recovery of these valuable compounds from elderberry press cake, also consid-
ering safety, the low costs, selectivity and the solvating properties of solvents, this work
investigated the possibilities of applying green extraction techniques. To our knowledge,
this is the first study that has been carried out to recover phenolic compounds from elder-
berry press cake and produce anthocyanin-enriched extracts using novel green extraction
technologies (UAE and MAE). Characterizations of polyphenolic compounds and the influ-
ence of different extraction parameters on the recovery of polyphenolics from elderberry
press cake were also determined. Correlations between the contents of individual antho-
cyanins and flavonoids and their antidiabetic and antioxidant activities were evaluated.
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Overall, the main goal was to prove that the applied novel extraction techniques are more
effective for the isolation of polyphenolic compounds from black elderberry cake and that
the obtained compounds are positively correlated with the antioxidant and antidiabetic
activities of the obtained extracts.

2. Materials and Methods
2.1. Plant Material and Chemicals

Fresh black elderberry press cake (Sambucus nigra) was provided by a factory focusing
on harvesting and processing forest fruits (NISHA d.o.o., Belgrade, Serbia). The raw
material was dried using a vacuum dryer and ground in a blender. The average particle
size (1.05 + 0.16 mm) and moisture content (6.69 4 0.13%) were determined. The material
was then stored in a desiccator in the dark at an ambient temperature.

Folin—Ciocalteu reagent, gallic acid, (+)-catechin, acarbose, 2.2-diphenyl-1-picrylhydrazyl
(DPPH), amylase (from the porcine pancreas) and formic acid were purchased from Sigma-
Aldrich (Steinheim, Germany). Ethanol (EtOH) and methanol (MeOH) were purchased
from Centrohem Sabac (Sabac, Serbia). Acetonitrile (Merck, Germany) was of HPLC grade
and ultrapure water was prepared using a Milli-Q purification system (Millipore, France).
All of the standard anthocyanin compounds (grade purity >96%) and flavonoids (grade
purity >99%) were purchased from Extrasynthese (Cedex, France). All other chemicals
were of analytical grade and used without further purification.

2.2. Conventional Solid-Liquid Extraction (SLE)

In all of the SLE experiments, 5 g of plant material was extracted with 50 mL (1:10)
of different concentrations of EtOH (30, 50 and 70%; m/m). Extractions were performed
at 25 °C for 24 h. After extraction, the extracts were filtered through filter paper under
vacuum conditions, then transferred to vials and stored at 4 °C until analysis.

2.3. Ultrasound-Assisted Extraction (UAE)

UAESs were conducted using an ultrasound probe (Hielscher Ultrasonic GmbH, Ger-
many), with amplitudes of 20, 60 and 100% and varying temperatures of 40, 60 and 80 °C.
An amount of 10 g of plant material was mixed with 100 mL of 30% EtOH as a solvent
(solid-liquid ratio 1:10). Mixing was performed with a magnetic stirrer (IKA RH basic
2, IKA, Staufen, Germany) at 300 rpm. The extraction time was defined as the time re-
quired to reach the set temperatures, and, for that reason, it was different for all extractions
(1-40 min). After extraction, the extracts were filtered under a vacuum, collected in vials
and stored at 4 °C until analysis.

2.4. Microwave-Assisted Extraction (MAE)

MAEs were performed using a Milestone flexiWAVE Microwave apparatus and a
closed-vessel system (Milestone Srl, Sorisole (BG), Italy), with the maximum microwave
power set at 1800 W. Briefly, 10 g of plant material was mixed with 100 mL of 30% EtOH as
a solvent. This technique was performed at five different temperatures (40, 60, 80, 100 and
120 °C), for 5 and 10 min. In order to maintain a constant temperature, the power was not
applied constantly during the experiment. The pre-heating time was set for 1 min and the
cooling time for 10 min. The obtained extracts were filtered and collected in vials, then
stored at 4 °C until analysis.

2.5. Extraction Yield (EY) and Total Phenolic (TPC) and Flavonoid Contents (TFC)

The EY was expressed as the mass of collected extract (g) per gram of dry plant
material, i.e., percentage (%).

TPC was determined using the Folin-Ciocalteu procedure [20]. Fruit extracts were
dissolved in methanol. In this method, the fruit extract (0.1 mL), distilled water (7.9 mL),
Folin—Ciocalteu reagent (0.5 mL) and saturated Na,COj3 solution (1.5 mL) were added to
a test tube. A control sample was prepared at the same time using distilled water (8 mL),
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Folin—Ciocalteu reagent (0.5 mL) and saturated Na;COj3 solution (1.5 mL). Ingredients in
test tubes were well mixed using the Vortex and left in a dark place for 2 h. The absorbance
of the samples was measured at 750 nm (6300 Spectofotometer, Jenway, UK). TPC was
expressed as milligrams of gallic acid (GAE) per gram of dried extract (DE).

TFC was determined using the aluminum chloride (AICl3) spectrophotometric as-
say [21]. An aliquot of extract (1 mL) was added to a volumetric flask containing a solution
of NaNO, (0.3 mL, 0.5 g/L). After 5 min, a 1 g/L solution of AICl;3 (0.3 mL) was added
and, 6 min later, NaOH (2 mL, 1 mol/L) was added to the mixture. The total volume was
made up to 10 mL with distilled water, the solution was mixed, and the absorbance was
measured at 510 nm. TFC was expressed as milligrams of (+)-catechin (CE) per gram of
dried extract (DE).

2.6. HPLC-MS/MS Analysis

Phenolic compounds were analyzed at 290 nm (phenolic acids), 350 nm (flavanols and
flavonols) and 520 nm (anthocyanins). The column used was a Gemini C18 (150 x 4.60 mm,
3 um; Phenomenex, Torrance, CA, USA), operated at 25°C. The mobile phase consisted of
solvent A (10%, v/v solution of formic acid in water) and solvent B (acetonitrile), and the
samples were eluted using the same gradient as in the case of HPLC-DAD analysis. The
injection volume was 10 pL, and the flow rate was maintained at 1 mL/min. All phenolic
compounds in the elderberry products were identified with a mass spectrometer (LCQ
Deca XP MAX, Thermo Fisher Scientific, Waltham, MA, USA) with electrospray ionization
(ESI) operated in positive-ion mode for anthocyanins and in negative-ion mode for the
remaining compounds. The analyses were carried out using full-scan data-dependent MS"
scanning from m/z 110 to 1600.

2.7. HPLC-DAD Analysis

Analyses of individual polyphenolic compounds were carried out on an Agilent
1200 RR system (Agilent, Waldbronn, Germany) with a diode array detector. A reverse-
phase Lichrospher RP-18 (Agilent) column (250 mm x 4 mm, 5 um) was used, and the
column temperature was maintained at 25°C. The mobile phase consisted of solvent A (10%,
v/v solution of formic acid in water) and solvent B (acetonitrile), using gradient elution as
follows: 1% B, 0-0.5 min; 1-7% B, 0.5-1 min; 7% B, 1-4 min; 7-10% B, 4-7.5 min; 10-14% B,
7.5-11.5 min; 14-25% B, 11.5-15.5 min; 25-40% B, 15.5-18.5 min; 40-75% B, 18.5-22 min;
75% B, 22-25 min. The injection volume was 10 pL, the flow rate was 1 mL/min and the
detection wavelengths were set at 290, 350 and 520 nm. The contents of the compounds
were calculated using calibration curves. The results are presented as milligrams per gram
of dried extract (mg/g DE). Of the detected polyphenolic compounds, eight of them were
quantified by measuring peak areas against a standard curve constructed with commercial
standards, including: cyanidin-3-galactoside, cyanidin-3-sambubioside (calculated based
on a standard curve for cyanidin-3-glucoside), cyanidin-3-glucoside, kaempferol derivative
1, kaempferol derivative 2 (both calculated based on a standard curve for kaempferol) and
chlorogenic acid.

2.8. DPPH Radical Scavenging Activity

The antioxidant activities of the liquid extracts were analyzed using the DPPH assay,
as described by Espin et al. (2000) [22]. Different volumes (50-125 uL) of diluted sam-
ple/liquid extract were mixed with 95% MeOH and 90 pmol/L DPPH solution to obtain
different final concentrations of the test sample. For the control, 30% EtOH was used
instead of extract solution. The absorbance of the test sample and control was measured at
515nm after 60 min of incubation at room temperature. The antioxidant activity obtained
by the DPPH method was first expressed as radical-scavenging capacity (RSC) and further
as the IC5( value, where IC5, represents the concentration of the test sample that inhibits
50% of DPPH radicals present and which is required to obtain 50% RSC.
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2.9. Determination of a-Amylase Inhibitory Activity

Determination of #-amylase inhibition activity was carried out according to the method
of Savikin et al. (2018) [23], with minor modifications. Briefly, 200 pL of diluted extracts
were mixed with 200 pL of 0.10 mg/mL a-amylase enzyme solution. Solutions of extracts
and enzymes were prepared in phosphate-buffered solution (0.1 M, pH 6.9). After 15 min
of incubation at 37 °C, 200 pL of 1% (m/v) starch dissolved in phosphate buffer was
added, and incubation was continued for another 10 min at 37 °C. After that, 200 pL of
dinitrosalicylic acid reagent was added and the samples were placed in a boiling water
bath for 15 min. Absorbance was measured at 540 nm. Acarbose was used as a positive
control. The results were expressed as sample concentrations that led to a 50% reduction in
a-amylase activity (ICsg).

2.10. Data Processing

All analyses were carried out in triplicate, and the results were expressed as
means + standard deviations (SDs). Mean values were considered significantly differ-
ent at the p < 0.05 confidence level. The performance of one-way ANOVA statistical
analysis was followed by Tukey testing.

Principal component analysis (PCA) is a widely used tool in food and natural-product
research. The method has been employed to develop techniques for flour [24] and honey
authentication [25]. The effect of deep-frying potato and tofu on thermo-oxidative changes
in cold-pressed rapeseed oil, high-oleic rapeseed oil and palm olein was investigated by
Wroniak et al. [26], and a volatile profile for Kumpiak podlaski dry-cured ham during
traditional ripening was developed by Karpinski et al. [27].

In order to investigate the relationships between the identified polyphenolic com-
pounds and antidiabetic and antioxidant properties on one side and the different extraction
conditions on the other, within a multivariate data space, principal component analy-
sis (PCA) and Pearson’s correlation analysis were applied [24]. PCA is one of the most
common multivariate data analysis tools for unsupervised dimensionality reduction and
pattern recognition. Its main aim is to find the PCA space, which represents the direc-
tion of the maximum variance of the given data [28]. The absolute values of compound
concentrations in milligrams per gram of dried extract (DE), expressed as means of three
repetitions, were used as inputs for creating PCA biplots. Data analyses were performed
using Paleontological Statistics Software PAST v4.10 (Natural History Museum, University
of Oslo, Norway).

3. Results and Discussion
3.1. Determination of Extraction Efficiency

The conventional SLE was applied as a reference technique to select the optimal
extraction solvent. As regards SLE, EYs ranged from 13.92 to 26.58% (Table 1). The highest
EY was obtained by extraction with 30% EtOH (26.58%), which followed the highest
measured TPC for the extract of 150.50 mg GAE/g DE. By measuring the TFC, a different
trend was observed. Increasing the concentration of EtOH, the TFC slightly increased. SLE
with 70% EtOH proved to be the most efficient for flavonoid extraction (49.51 mg CE/g
DE). Based on the obtained data, 30% EtOH was selected as the optimal solvent to be used
for UAE and MAE.

UAEs were performed at three different sonication amplitudes: 20, 60 and 100%. The
extraction time was defined as the time required to reach the set temperatures (40-80 °C),
and, for that reason, it was different for all extractions (Table 1). Table 1 shows that, at
an amplitude of 20%, extractions were performed only up to 60 °C. The extraction time
required to achieve a higher temperature would be too long, making the system econom-
ically unviable when compared with other techniques and conditions. In all UAEs, EYs
ranged between 19.68 and 31.28%. The highest EY was achieved when the extraction was
performed at 80 °C with an amplitude of 100% (UAE-13), while the lowest applied temper-
ature and amplitude exhibited the lowest EY. The thermal effect increases with amplitude,
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since at high amplitudes the number of compression and rarefaction cycles of ultrasonic
waves increases, leading to an intensification of cavitation-induced phenomena [29]. An
increase in extraction temperature is expected to promote extraction efficiency, due to tissue
softening and a concomitant increase in diffusion rate [30]. The same effect of temperature
on EY has been reported in several studies [31,32]. If we observe the values from Table 1
for TPC, it is to be concluded that the highest TPC was achieved at an amplitude of 60%
with a temperature of 60 °C (143.23 mg GAE/g DE) (UAE-6). As for flavonoids, the most
optimal conditions for their isolation were the conditions under which UAE-9 was obtained,
namely, 40 °C and an amplitude of 100%. It was observed that an increase in temperature,
as well as an increase in the sonication amplitude, favorably affected EY and TPC up to
a certain value, after which the values decreased due to the increase in solvent viscosity
and the decomposition of certain compounds [33]. This can justify the highest TPC in the
UAE-6. Duymus et al. (2014) [34] obtained values for TPC in the range of 49.17-89.74 mg
GAE/g DE in dried elderberry fruits extracted by SLE using different extraction solvents
(water, 70% ethanol and MeOH). In addition to the obtained lower TPC, the extraction time
(48 h) was considerably longer in comparison to the maximum of 40 min for UAE-1. The
authors also carried out UAE with methanol as a solvent, achieving a two-fold lower TPC
(63.99 mg GAE/g DE) than the lowest TPC value observed in this research.

Table 1. EY, TPC and TFC values obtained for black elderberry press cake using different extraction

techniques under different extraction conditions.

Extraction Samples Extraction Conditions }(3;(: ; (mg GTig /; DE) (mchI;Sg*DE)
SLE-1 room ti(z;frtaotie’ oih 26.58 +0.24 98 150.50 =+ 5.96 <de 48.52 & 1.75 M
SLE SLE-2 room ti%pfrgfre ik 15.48 +0.71 K 146.02 4 8.27 <f 49.04 + 3.23 87
SLE-3 room tz(r):f;frtgfr’e/ oth 12.84 £0.14™ 141.77 + 8.00 4-h 4951 + 3.67 1
UAE-1 3%"2}32/0013 ﬂi;c' 19.68 + 0.90 134.41 + 0.16 © 55.84 + 0.37 24
UAE-2 3%’252/00,% ?g;lc' 28.48 + .89 bed 122.38 + 3.08) 57.98 + 0.76 2P
UAE-3 3%2}32/?1:6 fg;c' 28.02 4 0.50 cde 128.07 4 3.04 1 51.46 & 0.52 <1
UAE-4 30:2’6}3(;21{2';3(;;@ 26.06 + 0.79 fgh 129.30+ 1.08 M 56.39 =+ 1.45 2bc
UAE-5 302’5523 frg;C' 26.40 & 0.42 ¢ 132.95 4 0.86 87 48.65 + 0.49 &7
UAE-6 302)5(;‘2 I@’g?i;c’ 29.04 4 1.24 bc 14323 + 2,57 <h 53.11 + 1.44 P8
UAE UAE-7 3%6]3;?% Zg;c, 30.16 + 0.60 2P 136.48 + 1.84 7 50.12 4 0.52 €7
UAE-8 3%"5&2% i?;c' 28.18 £ 0.51 cde 132.85 & 1.40 87 56.56 & 0.66 2b¢
UAE-9 3(;;/01}38201{1 ‘fg;c' 2450 +0.93 1 134.55 + 0.66 58.39 + 0.44 2
UAE-10 3(;(:/"1]3883 fg;c’ 25.56 + 0.63 8" 130.51 4 3.17 87 51.44 4 0.39 <
UAE-11 3%0/"1559/01,{4 fg;lc' 27.90 + 0.18 <f 138.75 & 4.16 51.72 £ 0.57 <
UAE-12 3(2"1}3520% Zg;c, 29.44 + 091 2be 12558 + 2.12 50.99 + 0.89 4-i
UAE-13 30% EtOH, 80 °C, 3128 £1.092 130.64 4 2.42 87 53.98 + 0.61 2F

A 100%, 10 min
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Table 1. Cont.
. . . EY * TPC * TFC *

Extraction Samples Extraction Conditions (%) (mg GAE/g DE) (mg CE/g DE)
MAE-1 30% EtOH, 40 °C, 5 min 13.33 £ 0.01 ™ 156.08 & 2.50 be 52.26 &+ 0.90 <1

MAE-2 30% EtOH, 60 °C, 5 min 850+ 0.30 1 166.02 & 3.31 2 5430 & 1.40 3¢

MAE-3 30% EtOH, 80 °C, 5 min 927 +£0.011 122.00 4 4.80] 40.29 + 059 ™

MAE-4 30% EtOH, 100 °C, 5 min 17.27 + 0.50 & 154.07 & 5.24 bed 4533 £ 0.937m

MAE MAE-5 30% EtOH, 120 °C, 5 min 18.80 4+ 0.31 1 150.90 + 5.16 Cﬁe 48.06 & 1.19 h-k
MAE-6 30% EtOH, 40 °C, 10 min 14.41 + 0.24 Im 123.77 + 6.29 1 4232 4 (.92 Im

MAE-7 30% EtOH, 60 °C, 10 min 1653 +0.34 & 157.92 =+ 2.44 abe 47.75 £+ 0.51 h-%

MAE-8 30% EtOH, 80 °C, 10 min 1657 £ 0.17 171.86 + 4.512 50.92 + 0.73 -

MAE-9 30% EtOH, 100 °C, 10 min 20.63 +0.201 137.90 + 2.70 ¢ 43.15 + 1.01 Kim

MAE-10 30% EtOH, 120 °C, 10 min 25.77 + 0.28 8h 145.17 + 6.53 €8 46.50 + 0.65 17

* Different letters within a column indicate a significant difference between samples at p < 0.05. MAE—microwave-
assisted extraction, UAE—ultrasound-assisted extraction, EY—extraction yield, TPC—total phenolic content,
TFC—total flavonoid content, EtOH—ethanol, A—amplitude.

As with UAE, the extraction efficiency of MAE was also evaluated. Using a tempera-
ture of 120 °C, during 10 min of extraction, the highest EY was obtained (25.77%), while the
lowest EY was obtained by applying 60 °C for 5 min. During MAE for 10 min, the increase
in extraction temperature resulted in an increase in EY. A similar trend was observed for
MAE during 5 min, except for MAE-1 (40 °C). Such a thermal effect was expected, since an
increase in this parameter is known to increase the energy amount delivered to the treated
sample [35,36]. The highest TPC and TFC values were achieved with the MAE-2 extract
(166.02 mg GAE/g DE and 54.30 mg CE/g DE, respectively). Radvanyiet al. (2013) [37]
investigated the efficiency of the extraction of polyphenolic compounds from elderberry
press cake, using EtOH /water as a solvent at different concentrations (0-90%). The highest
EY (15.2%) was obtained with the aqueous extract, this being two-fold lower in comparison
with the maximum values obtained for each extraction technique considered in this re-
search. Slightly lower EYs were reported in the study conducted by Seabra et al. (2010) [38],
where fractionated, high-pressure extractions from elderberry press cake were performed
using supercritical CO, extraction, followed by enhanced solvent extraction (ESE) with
diverse CO,/ethanol/H,O solvent mixtures. All these results show the advantages of
the application of UAE and MAE as green-based approaches for the valorization of black
elderberry press cake.

3.2. HPLC Analysis of Phenolic Compound in Obtained Extracts

The phenolic compounds in black elderberry press-cake extracts were identified
and quantified by HPLC-MS/MS and HPLC-DAD analysis. The polyphenolic profile of
black elderberry press-cake extracts is presented in Table 2 and Figure S1 (Supplementary
Materials). A total of 16 polyphenolic compounds were detected in the obtained extracts,
seven of which were identified for the first time.

Four compounds, cyanidin-3-galactoside, cyanidin-3-sambubioside, cyanidin-3-glucoside
and cyanidin-3-sambubioside derivative, were elucidated as anthocyanins. Other com-
pounds belonging to the flavonoids were also extracted, namely, flavanols and their deriva-
tives, rutin, isoquercitrin, kaempferol derivative 1 and 2, kaempferol-3-rutinoside, and
one flavonol derivative, quercetin trisaccharide. Concerning the hydroxycinnamic deriva-
tives, chlorogenic acid, ferulic acid hexoside derivative 1 and 2, p-coumaric acidhexoside
derivative and dicaffeoylquinic acid derivative were identified, and one hydroxybenzoic
acid, protocatechuic acid. To the best of our knowledge, only a few reports have been pub-
lished that have dealt with polyphenolic compounds in black elderberry press cake [37-40].
However, this is the first report with a more comprehensive analysis of the polyphenolic
composition of black elderberry press cake.
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Table 2. Characterized compounds in black elderberry press-cake extracts obtained by different
extraction techniques using HPLC-MS/MS.

. [M—-H]- [M+H"* MS? MS3 -
Peak Rt (min) (ml2) (ml2) (ml2) (ml2) Compounds
1 6.55 373 355(11090;;;3(80)’ 193(100) Ferulic acid hexoside derivative 1 *
2 9.24 153 123(100), 109(27) Protocatechuic acid
3 9.46 449 287(100) Cyanidin-3-galactoside
4 11.03 581 287(100) Cyanidin-3-sambubioside
5 11.14 449 287(100) Cyanidin-3-glucoside
6 13.14 371 325(100), 163(51) p-coumaric acid hexoside derivative *
7 14.86 353 191(100), 179(5) Chlorogenic acid (3-caffeoylquinic acid)
8 15.40 597 285(100), 241(9) Kaempferol derivative 1 *
9 15.42 599 581(100) 287(100) Cyanidin-3-sambubioside derivative
10 16.07 465 285(100), 241(11) Kaempferol derivative 2 *
337(100), L . .. "
12 17.12 571 487(100) 355(48), 193(10) Ferulic acid hexoside derivative 2
300(100), 591(83), S S
12 17.73 755 301(44), 271(19) Quercetin trisaccharide
301(100), 300(23), .
13 19.07 609 179(3) Rutin
301(100), 300(16), .
14 19.63 463 179(1) Isoquercitrin
257(100),
15 19.77 593 285(100) 267(44), 241(38), Kaempferol-3-rutinoside
229(37)
16 20.65 549 531(100), 353(94) 353(100) Dicaffeoylquinic acid derivative *

* Compound identified in black elderberry press cake for the first time. ** All compounds were identified in all of
the extracts obtained.

For all of the quantified compounds, MAE exhibited the highest recoveries com-
pared to the other methods (Table 3). Two-fold lower recoveries were achieved by UAE,
while SLE proved to have the poorest recovery for all these compounds. The recover-
ies of cyanidin-3-galactoside, cyanidin-3-sambubioside, cyanidin-3-glucoside, rutin and
kaempferol derivative 1 were found to be highest in the extracts obtained by MAE at 80 °C
over 5 min (MAE-3), while isoquercitrin and chlorogenic acid were extracted better by the
same technique but at a lower temperature (MAE-2). MAE-9 at 100 °C over 10 min was the
richest in kaempferol derivative 2. The application of microwaves in combination with a
higher temperature and a prolonged time (120 °C, 10 min) resulted in a lower extraction
efficiency, as the concentrations of all compounds in the produced extracts were reduced
by approximately two to ten times, indicating the possible degradation of thermolabile
phenols. Furthermore, there were slightly significant differences between UAE efficiencies
at different temperatures as well as amplitudes.

According to the results, the main contributors to the phenolic profiles of the black
elderberry press-cake extracts were anthocyanins, cyanidin-3-sambubioside and cyanidin-3-
glucoside. These results are similar to those already reported in the literature for elderberry
press-cake extracts obtained by ESE using EtOH (90%) + CO; (10%) [39]. Waldbauer et al.
(2018) [40] also identified cyanidin-3-sambubioside and cyanidin-3-glucoside as the most
abundant phenolic compounds in elderberry press cake, obtained by pressurized liquid
extraction (PLE) with 70% MeOH. In our study, the highest concentration for cyanidin-3-
sambubioside was 73.24 mg/g DE (678.73 mg /100 g DW), while for cyanidin-3-glucoside, it
was 62.22 mg/g DE (571.61 mg/100 g DW), both in MAE-3. Higher recoveries of cyanidin-
3-glucoside (0.3-7.5%) and cyanidin-3-sambubioside (0.8-5.5%) were reported in the study
conducted by Seabra et al. (2010) [38], where fractionated, high-pressure extractions were
used for the treatment of elderberry press cake. This could be explained by the efficient,
multistep extraction process for ESEs of elderberry press cake, previously delipidified
with supercritical CO,, and a prolonged extraction time (100 min in total). However, the
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differences observed might have also been influenced by the cultivar, location, ripening
stage and climatic conditions of the plant material [17].

Table 3. Contents of phenolic compounds in black elderberry press-cake extracts determined by
HPLC-DAD.

Samples C3Gal */** C3Glu */+* C3Sam */#+/*5 RUT */** 1Q */** K/M}’Dl K/M}’DZ _coa
(mg/g DE) (mg/g DE) (mg/g DE) (mg/g DE) (mg/g DE) (mg/g DE) (mg/g DE) /** (mg/g DE)
SLE-1 147 £0.04" 1241 40.19™ 17.64 +0.26! 417 £0.12" 2.72 +0.08! 1.344+001™ 0.25 +0.01" 1.99 + 0.04 ™
UAE-1 254+ 0.058 25.18 4 0.38 M 33.67 4 0.51 ¢ 7.79 £ 0.23 3.77 4 0.08 3.40 4 0.08 & 0.67 #+ 0.01 KIm 2.8540.041
UAE-2 2.28 +0.05 2259 +0.34 % 30.22 4 0.45 8P 719 4022 2.92 4+ 0.06 X 3.30 £ 0.05 4 0.69 + 0.02 2.10 £+ 0.01J™
UAE-3 1.96 + 0.06 ™ 21.68 4 0.33 ¥ 26.19 4 0.39 % 8.04 4+ 0.241 3.01 = 0.09 ik 3.75 £ 0.09 0.69 & 0.01 ¢ 2.11 £ 0.02)™
UAE-4 2.37 4 0.07 M 22.62 +0.34 % 31.75 + 0.48 8 6.734+0.20" 3.13 4 0.09 M 3.03 4 0.05! 0.70 4 0.01 2.20 4 0.04 X
UAE-5 2.41 + 0.07 8N 26.59 + 0.40 8h 35.04 40.53 de 8.47 + 0.25 M 3.23 + 0.06 8N 3.93 +0.08 1 0.77 + 0.02 8ht 2.21 4+ 0.00 %
UAE-6 2.19 £ 0.04 22.77 + 0.34 28.34 + 0.43 N 8.86 + 0.27 fgh 2.89 4 0.06 ¥ 4.17 +0.06 0.66 +0.02Km 210 +0.01)™
UAE-7 2.20 £ 0.07 % 19.63 £0.29 ™ 24.99 + 0.37 % 9.03 + 0.27 fgh 2.81 +£0.08 4 428 +0.05 0.65 £ 0.01 ™ 2.07 +£0.02'm
UAE-8 2.08 + 0.06 Km 21.59 +0.32 1 25.98 + 0.39 & 9.09 + 0.27 8 3.04 £ 0.09 iik 428 +0.07 8 0.73 +£0.011 2.16 4 0.03
UAE-9 2.47 4+ 0.07 & 24.49 +0.37 1 33.82 + 0.51 ¢ 4.8240.14™ 34240108 327 +£0.014 0.80 £0.01 18 240+ 0.051
UAE-10 2.44 +0.05 8" 27.27 + 0418 34.93 4 0.52 de 8.70 = 0.26 8" 3.35 4 0.09 8" 4.04 + 0.06 8N 0.81 + 0.00 & 2.38 £ 0.031
UAE-11 2.36 + 0.07 M 26.75 =+ 0.40 8h 32.65 + 049 f 9.78 £0.29°¢ 3.18 + 0.06 M 4.65+0.11¢ 0.80 £ 0.01 18 2.23 +0.007
UAE-12 2.20 + 0.07 % 21.67 4 0.33 ¥ 26.66 4 0.40 1 8.99 + 0.27 fgh 3.02 = 0.03 ik 4.27 4 0.06 8" 0.69 = 0.02 4 2.08 = 0.06 Kim
UAE-13 2.09 + 0.06 Km 19.86 + 0.30 'm 24.55 + 0.37 % 9.07 + 0.27 fgh 2.88 + 0.06 ¥ 433 +£0.09°f 0.75 4 0.01 M 2.00 £ 0.07™
MAE-1 2.92 + 0.06 de 42.38 4 0.64 b¢ 5415+ 0.81° 9.47 + 0.28 5.12 4 0.08 € 3.99 = 0.01 hi 0.79 + 0.01 feh 4.03 +0.07¢
MAE-2 3.98 +0.08° 60.99 +0.922 7322 +1.102 16.60 + 0.50 8.04 +0.162 7.11+0.16" 0.70 4 0.01 % 6.17 £0.122
MAE-3 415+0.12° 62.22 +0.932 7324 +1.102 18.16 = 0.54 2 7.414+022° 8.06 & 0.232 1.02 +£0.02¢ 5.91 4 0.01°
MAE-4 3.10 4 0.09 39.92 + 0.60 de 4784 +0.72°¢ 12.96 +0.39 458 +0.14 d° 6.02+0.11¢ 0.96 +0.01 4 3.47 £0.01¢
MAE-5 2.04 =+ 0.04 ™ 19.10 £ 029 ™ 2447 +0.37 % 12.88 £0.39 ¢ 456 4 0.14 de 6.06 = 0.03 ¢ 110 £ 0.01° 33240011
MAE-6 2.83 + 0.06 *f 41.25 +0.62 <4 52.79 +0.79® 9.47 + 0.28 472 +0.124 4.04 + 0.04 8hi 0.63 £0.00™ 3.67 +0.014
MAE-7 3.05 =+ 0.09 43.80 4 0.66 P 54.73 + 0.82° 10.44 + 0314 443 40.13¢ 4.66 + 0.06 ¢ 0.75 + 0.02 hi 3.35 + 0.01 ¢
MAE-8 2.78 + 0.08 °f 38.81 4+ 0.58 46.12 +0.69 € 12.36 + 0.37°¢ 459 + (.14 de 5.68 & 0.06 4 0.88 +0.01°¢ 3.45 4 0.00
MAE-9 2.70 +0.08 30.46 + 0.46 f 36.75 4+ 0.55 4 12.81 4+ 0.38¢ 436 4+0.13¢ 6.10 £ 0.18 ¢ 1.21 +£0.042 3.02 4 0.078
MAE-10 0.58 +0.02° 3.25 + 0.05° 451 +£0.07™ 8.56 + 0.26 8hi 317 +£0.11 M 4.10 + 0.00 0.82 +0.02f 238 +0.021

* C3Gal—cyanidin-3-O-galactoside, C3Glu—cyanidin-3-O-glucoside, C3Sam—cyanidin-3-O-sambubioside; RUT—
rutin; IQ—isoquercitrin, KMP-D1—kaempferol derivate 1, KMP-D2—kaempferol derivate 2, CGA—chlorogenic
acid. ** Different letters within a column indicate a significant difference between samples at p < 0.05. *** Expressed
as C3Glu. *** Expressed as kaempferol.

Rutin is reported to be the major flavanol present in elderberry press cake. The
presence of rutin in elderberry press cake was also confirmed by Waldbauer et al. (2018) [40]
and Radvanyi et al. (2013) [37] in PLE extract (70% MeOH, 40 °C) and macerate (50%
EtOH, 1 h). In the study by Dominguez et al. (2020) [41], the concentration of rutin
(813.08 ng/100 g DW) in UAE elderberry fruit extracts was well below the values obtained
in our study. The data reported by Radojkovi¢ et al. (2021) [42] presented the same trend for
elderberry fruit extracts obtained by SLE, MAE and UAE, with a range of concentrations
between 5.09 and 8.81 pug/mg DE for rutin and between 0.64 and 0.94 ug/mg DE for
chlorogenic acid. Therefore, it seems that MAE is an advantageous alternative to other
techniques if the objective is to obtain anthocyanin- and rutin-rich fractions.

3.3. Antioxidant and Enzyme Inhibitory Activities

Oxidative stress has been shown to be one of the main causes of the development of
diabetes [43,44]. An increase in overcrowding with oxidants promotes the development of
diabetes, which is the cause of a greater number of oxidative cells in diabetics than in healthy
ones, i.e., higher levels of free radicals [45]. In patients with diabetes, oxidative stress causes
changes to two main mechanisms: insulin resistance and secretion [46]. Therefore, our
goal was to examine two bioactivities of the extracts, antioxidant and antidiabetic activities,
which are closely related.

To determine the antioxidant activities of black elderberry press-cake extracts, the
DPPH assay was applied (Table 4). The UAE extract that proved to be the agent with
the best antioxidant activity was UAE-3 (ICsp 12.82 pug/mL). A two-fold higher DPPH
value was recorded for MAE-3 (ICs) 6.89 ng/mL). Overall, MAE extracts proved to exhibit
significantly higher antioxidant activity in comparison to others. Their having the highest
contents of phenolics identified in MAE extracts was probably what contributed the most
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to their having the highest antioxidant activities against radical reactive species (a high pos-
itive correlation is shown to have been confirmed in Table S1). The antioxidant properties
of MAE extracts essentially depended on temperature, these being highest at moderate
temperatures (60 and 80 °C). In UAE extracts, higher amplitudes had a negative influence
on the observed DPPH values. According to Saebra et al. (2010) [38], the high antioxidant
activities of elderberry press-cake extracts may be an indication of the important role of
rutin as an antioxidant promoter. Ho et al. (2017) [43] performed a conventional extraction
of lyophilized elderberry fruits using EtOH and MeOH, and the highest antioxidant activity
reported for MeOH extract (ICsp 95.9 ug/mL) was considerably lower in comparison to the
activities of all the extracts obtained in this research.

Table 4. Antioxidant activities and a-amylase inhibitory activities of black elderberry press-cake extracts.

Samples DPPH * A-amylase *
ICsp (ng/mL) ICs5p (mg/mL)

SLE-1 14.96 4 0.77 b~ 6.88 & 0.68 2
UAE-1 14.67 + 1.39 b-e 3.98 +0.21 978
UAE-2 16.20 &+ 1.33 2 464 +0.25b*
UAE-3 12.82 +0.72 4-8 4.63 +0.45b-
UAE-4 14.06 + 0.95 b-e 4.45 + 0.31 b
UAE-5 14.63 +£1.31b® 491 + 0.29 bed
UAE-6 14.46 + 0.94 b¢ 5.08 & 0.45 bc
UAE-7 16.65 =+ 1.32 abe 479 4+ 0.25b-e
UAE-8 14.85 + 1.46 b-e 452 +0.41b-f
UAE-9 13.51 + 0.88 ¢ f 418 +0.22bf
UAE-10 18.62 £ 1.592 447 +0.44b-f
UAE-11 17.29 + 1.49 ab 454 + .25 b
UAE-12 16.37 + 1.552d 431 +037bf
UAE-13 18.74 +1.69 2 432 +0.41 b
MAE-1 12.09 £ 1.01 ¢ 3.00 & 0.20 8h
MAE-2 7.88 +£0.69 ! 247 +£0.13h
MAE-3 6.89 £ 0.641 2184+ 0.17h
MAE-4 1197 £ 1.09¢™h 357 +0.2478
MAE-5 13.33 £ 1.28 ¢f 3.75 + 0.28 °f&
MAE-6 10.45 + 0.92 £ 3.81 + 0.21 ¢f8
MAE-7 8.60 + 0.63 hi 404 +027°8
MAE-8 9.45 + (.86 8hi 408 +0.38 <f
MAE-9 7.80 4+ 0.76 1 3.92 +0.239-8
MAE-10 1043 + 1.02 5.14 +040P

* Different letters within a column indicate a significant difference between samples at p < 0.05.

The inhibition potentials of elderberry press-cake extracts with respect to a-amylase
are shown in Table 4. The highest inhibition of x-amylase was achieved by UAE-1 (ICs
3.98 mg/mL) and MAE-3 (ICsy 2.18 mg/mL) (Table 4). In the case of UAEs, a decrease
in the inhibition of a-amylase activity was observed as the temperature increased from
40 to 60 °C. At higher temperatures, the inhibition activity increased. In MAESs, the extracts
obtained at the highest temperature had the lowest a-amylase inhibition activities. The
ability to inhibit x-amylase has been investigated in elderberry fruits [47,48]. According to
Ho et al. (2017) [47], the acidic MeOH extract of elderberry fruit was a strong «-amylase
inhibitor (IC50 3.9 ug/mL), which inhibitory activity may be ascribed to its high content
of polyphenols. The authors also tested cold-pressed elderberry juice for the inhibition of
a-amylase activity and found that the juice had a higher activity than most of the obtained
elderberry extracts. Consequently, a higher concentration of compounds that exert higher
activity are to be found in cold-pressed juice, which explains the higher concentrations of
elderberry press cake required for the inhibition of a-amylase activity.
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3.4. Principal Component Analysis

The biplot obtained after performing the PCA, representing both the obtained extracts
as scores and the analyzed characteristics as loadings, is shown in Figure 1. The sample
obtained using a common SLE is shown in red, the samples obtained under MAE in blue
and the samples obtained under UAE in green.
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Figure 1. PC1 vs. PC2 biplot of obtained black elderberry press-cake extracts represented as scores
and the investigated characteristics as loadings. SLE—red, MAE—blue, UAE—green.

As indicated by the scree plot shown in Figure S2 (Supplementary Materials), the
first two principal components explain 62.32% and 13.83% of the overall data variance,
respectively, thus indicating the trustworthiness of the presented PC1 vs. PC2 biplot. The
PC1 vs. PC3 and PC2 vs. PC3 biplots, explaining 72.38% and 23.89% of the total variance,
respectively, are included in the Supplementary Materials.

The dispersive positions of the obtained sample extracts shown in the PCA biplot
(Figure 1) demonstrate the high variability in the compositions of the analyzed polyphenolic
compounds and extract properties. The high level of dispersion, indicating high variability
in the investigated parameters, was most notable in the samples obtained using MAE. The
sample obtained using a common SLE exhibited unique characteristics and is thus isolated
in its position in quadrant III of the PCA biplot. All samples obtained using UAE are
tightly grouped in quadrants II and Il and are thus characterized by similar compositions
of polyphenolic compounds. Samples obtained using MAE are the most dispersively dis-
tributed, with most of them located in quadrants I and IV. Being positioned in quadrant III,
between the SLE and UAE samples, the sample MAE-10 exhibited quite unique properties
compared to the other MAE extracts. Samples MAE-1, MAE-2, MAE-3, MAE-6 and MAE-7,
obtained under milder temperatures (40, 60 and 80 °C), exhibited positive correlations
with both PC1 and PC2, together with the identified polyphenols: isoquercitrin, chloro-
genic acid, cyanidin-3-glucoside, cyanidin-3-galactoside and cyanidin-3-sambubioside,
which indicates that these extraction conditions are the most effective for obtaining these
compounds. On the other hand, explaining less total variability, a PC1 vs. PC3 biplot is
less effective in separating obtained samples according to the applied extraction protocols
(Figure S3, Supplementary Materials). Explaining only 23.89% of total variability, the PC2
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vs. PC3 score plot could not be considered trustworthy enough (Figure 5S4, Supplementary
Materials). As can be seen in the Pearson’s correlation table (Table S1, Supplementary
Materials), anthocyanins, cyanidin-3-glucoside, cyanidin-3-galactoside and cyanidin-3-
sambubioside had the highest positive correlations with antidiabetic loading (r = 0.851,
0.808 and 0.800, respectively; p < 0.05), thus indicating the highest antidiabetic properties
of the extracts obtained by MAE using lower temperatures. Table S1, therefore, confirms
that the antidiabetic feature is to be attributed to the rich content of cyanidin-3-glucoside,
cyanidin-3-galactoside and cyanidin-3-sambubioside. The same could be observed in
the PCA plot shown in Figure 1. Samples MAE-4, MAE-5, MAE-8 and MAE-9, obtained
under higher temperatures of 100 and 120 °C, exhibited positive correlations with PC1
and negative correlations with PC2, together with the polyphenolic compounds rutin and
kaempferol derivative 1 and 2, thus indicating their highest abundances in these samples.
Furthermore, Figure 1 points to the antioxidant potential of these samples being the highest.
However, Table S1 indicates that the compounds isoquercitrin, chlorogenic acid, rutin and
kaempferol derivative 1 had the highest positive correlations with the TPC (r = 0.364, 0.361,
0.297 and 0.255; p < 0.05) and antioxidant properties (r = 0.667, 0.661, 0.553, 0.542; p < 0.05)
of the samples obtained under MAE using higher temperatures. The distribution of the TFC
does not follow-up to the distribution of the TPC. The loading TFC exhibited a negative
correlation with PC1 and a positive correlation with PC2, similar to the majority of the
extracts obtained using UAE, but most specifically UAE-1, UAE-2, UAE-4, and UAE-9,
which were obtained under milder temperatures of 40 and 50 °C.

4. Conclusions

In this work, the application of two green-based extraction techniques for economically
profitable waste management of black elderberry press cake has been reported. The possi-
bility of obtaining high-quality anthocyanin-rich extracts was monitored. The achievement
of extracts of the desired quality was determined by the identification and quantification of
bioactive compounds, which, owing to their nature, exhibit biological activities, primarily
antioxidant and antidiabetic activities. For UAE and MAE assays, the moderate extraction
temperature favored EY, TPC and TFC. The highest contents for most of the identified
compounds were obtained in MAEs extracted at 80 °C for 5 min (MAE-3), making this
technique, under the mentioned conditions, the best for obtaining polyphenolic extracts
from black elderberry press cake. This study also enabled the development of an efficient
extraction method using mild processing conditions to prevent the degradation of biologi-
cally active compounds. According to the PCA, anthocyanins have the highest positive
correlations with antidiabetic loading, indicating that the extracts with the highest antidi-
abetic properties were obtained by MAE using lower temperatures, while isoquercitrin,
chlorogenic acid, rutin and kaempferol derivative 1 were found to have the highest pos-
itive correlations with antioxidant properties. Despite the fact that studies of Sambucus
by-products already exist, this is the first report to give an overview of the polyphenolic
profile of black elderberry press-cake extracts with antioxidant and antidiabetic properties.
This analysis was carried out using solvents and techniques considered “green” in the
food and pharmaceutical industries and which are efficient in terms of economic viability
and feasibility due to significantly shorter extraction times, which represents the most
important contribution of this work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology11101465/s1, Figure S1: HPLC profile of black elderberry
press-cake SLE extract recorded at (a) 290 nm, (b) 350 nm and (c) 520 nm; Figure S2: PCA scree
plot; Figure S3: PC1 vs. PC3 biplot of obtained black elderberry press-cake extracts represented as
scores with investigated characteristics as loadings (SLE—red, MAE—blue, UAE—green); Figure S4:
PC2 vs. PC3 biplot of obtained black elderberry press-cake extracts represented as scores with
investigated characteristics as loadings (SLE—red, MAE—blue, UAE—green); Table S1: Pearson’s
correlation coefficients.


https://www.mdpi.com/article/10.3390/biology11101465/s1
https://www.mdpi.com/article/10.3390/biology11101465/s1

Biology 2022, 11, 1465 13 of 15

Author Contributions: Conceptualization, S.V. and N.N.; methodology, S.V. and N.N.; software, R.V.
and K.P,; formal analysis, Z.M., ].Z., R.V. and K.P;; investigation, Z.M., ].Z. and A.M.; resources, S.V.,
S.J. and K.S.; writing—original draft preparation, Z.M., N.N. and K.P; writing—review and editing,
N.N.; visualization, Z.M. and N.N.; supervision, S.V. and N.N.; project administration, S.V., K.S.
and R.V,; funding acquisition, S.V.,, K.S. and R.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Serbian Ministry of Education, Science and Technological
Development (451-03-68/2022-14 /200134 and 451-03-68/2022-14/200003), and by the program P4-
0013-0481, which is funded by the Slovenian Research Agency (ARRS).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank NISHA d.o.o0., Belgrade, Serbia, for the kind
donation of investigated raw materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mestias, FJ.; Martin, A.; Hernandez, A. Consumers’ growing appetite for natural foods: Perceptions towards the use of natural
preservatives in fresh fruit. Food. Res. Int. 2021, 150, 110749. [CrossRef] [PubMed]

2. De Froidmont-Goertz, I.; Faure, U.; Gajdzinska, M.; Haentjens, W.; Krommer, J.; Lizaso, M.; Lutzeyer, H.].; Mangan, C.;
Markakis, M.; Schoumacher, C. Food 2030 Food Pathways for Action: Research and Innovation Policy as a Driver for Sustainable, Healty
and Inclusive Food Systems; Publications Office of the European Union: Luxembourg, 2020.

3. Awasthi, AK,; Cheela, V.S.; D’Adamo, I; lacovidou, E.; Islam, M.R.; Johnson, M.; Miller, T.R.; Parajuly, K.; Parchomenko, A.;
Radhakrishan, L.; et al. Zero waste approach towards a sustainable waste management. Resour. Environ. Sustain. 2021, 3, 100014.
[CrossRef]

4. Food and Agriculture Organization of the United Nations. Available online: https://www.fao.org/faostat/en/#data/QCL
(accessed on 3 August 2022).

5. Uhl, K.R.; Fyhrie, K.J.; Brodt, S.B.; Mitchell, A E. Blue Elderberry (Sambucus nigra ssp. cerulea): A Robust and Underutilized Fruit
for Value-Added Products. ACS Food Sci. Technol. 2022, 2, 347-358. [CrossRef]

6.  Wieland, L.S,; Piechotta, V.; Feinberg, T.; Ludeman, E.; Hutton, B.; Kanji, S.; Garritty, C. Elderberry for prevention and treatment
of viral respiratory illnesses: A systematic review. BMC Complement. Med. Ther. 2021, 21, 112. [CrossRef]

7.  Technavio. Available online: https://www.technavio.com/report/elderberry-market-industry-analysis (accessed on 27 July 2022).

8.  Przybylska-Balcerek, A.; Szablewski, T.; Szwajkowska-Michalek, L.; Swierk, D.; Cegielska-Radziejewska, R.; Krejpcio, Z.;
Suchowilska, E.; Tomczyk, L.; Stuper-Szablewska, K. Sambucus Nigra Extracts—Natural Antioxidants and Antimicrobial
Compounds. Molecules 2021, 26, 2910. [CrossRef]

9.  Speer, H.; D’Cunha, N.M.; Alexopoulos, N.I.; McKune, A.].; Naumovski, N. Anthocyanins and human health—A focus on
oxidative stress, inflammation and disease. Antioxidants 2020, 9, 366. [CrossRef]

10. Daneshzad, E.; Shab-Bidar, S.; Mohammadpour, Z.; Djafarian, K. Effect of anthocyanin supplementation on cardio-metabolic
biomarkers: A systematic review and meta-analysis of randomized controlled trials. Clin. Nutr. 2019, 38, 1153-1165. [CrossRef]

11. Les, F; Césedas, G.; Gomez, C.; Moliner, C.; Valero, M.S.; Lépez, V. The role of anthocyanins as antidiabetic agents: From
molecular mechanisms to in vivo and human studies. J. Physiol. Biochem. 2021, 77, 109-131. [CrossRef]

12, Vidovi¢, S.; Vladi¢, J.; Nasti¢, N.; Jokié, S. Subcritical and Supercritical Extraction in Food By-product and Food Waste Valoriza-
tion. In Innovative Food Processing Technologies, 1st ed.; Knoerzer, K., Muthukumarappan, K., Eds.; Elsevier: Amsterdam, The
Netherlands, 2021; pp. 705-721.

13.  Vladi¢, J.; Nasti¢, N.; Stanojkovi¢, T.; Zizak, Z.; Cakarevié, J.; Popovi¢, L.; Vidovic, S. Subcritical water for recovery of polyphenols
from comfrey root and biological activities of extracts. Acta Chim. Slov. 2019, 66, 473-783. [CrossRef]

14. Mandal, S.C.; Mandal, V,; Das, A.K. Classification of Extraction Methods. In Essentials of Botanical Extraction, 1st ed.; Academic
Press: Cambridge, MA, USA, 2015; pp. 83-136.

15. Bélafi-Bako, K.; Cserjési, P; Beszédes, S.; Csanadi, Z.; Hodur, C. Berry pectins: Microwave-assisted extraction and rheological
properties. Food Bioprocess Technol. 2012, 5, 1100-1105. [CrossRef]

16. Kitryté, V.; Laurinaviciené, A.; Syrpas, M.; Pukalskas, A.; Venskutonis, PR. Modeling and optimization of supercritical carbon

dioxide extraction for isolation of valuable lipophilic constituents from elderberry (Sambucus nigra L.) pomace. . CO2 Util. 2020,
35, 225-235. [CrossRef]


http://doi.org/10.1016/j.foodres.2021.110749
http://www.ncbi.nlm.nih.gov/pubmed/34865767
http://doi.org/10.1016/j.resenv.2021.100014
https://www.fao.org/faostat/en/#data/QCL
http://doi.org/10.1021/acsfoodscitech.1c00436
http://doi.org/10.1186/s12906-021-03283-5
https://www.technavio.com/report/elderberry-market-industry-analysis
http://doi.org/10.3390/molecules26102910
http://doi.org/10.3390/antiox9050366
http://doi.org/10.1016/j.clnu.2018.06.979
http://doi.org/10.1007/s13105-020-00739-z
http://doi.org/10.17344/acsi.2019.5011
http://doi.org/10.1007/s11947-011-0592-9
http://doi.org/10.1016/j.jcou.2019.09.020

Biology 2022, 11, 1465 14 0of 15

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kiprovski, B.; Malenci¢, D.; Ljubojevi¢, M.; Ognjanov, V.; Veberic, R.; Hudina, M.; Mikulic-Petkovsek, M. Quality parameters
change during ripening in leaves and fruits of wild growing and cultivated elderberry (Sambucus nigra) genotypes. Sci. Hortic.
2021, 277,109792. [CrossRef]

Oniszczuk, A.; Olech, M.; Oniszczuk, T.; Wojtunik-Kulesza, K.; Wéjtowicz, A. Extraction methods, LC-ESI-MS/MS analysis of
phenolic compounds and antiradical properties of functional food enriched with elderberry flowers or fruits. Arab. J. Chem. 2019,
12,4719-4730. [CrossRef]

Lee, J.; Finn, C.E. Anthocyanins and other polyphenolics in American elderberry (Sambucus canadensis) and European elderberry
(S. nigra) cultivars. J. Sci. Food Agric. 2007, 87, 2665-2675. [CrossRef] [PubMed]

Singleton, V.L.; Rossi, ]J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.
Vitic. 1965, 16, 144-158.

Harborne, J.B. Methods of Plant Analysis. In Phytochemical Methods; Springer: Dordrecht, The Netherlands, 1984; pp. 1-36.
Espin, J.C.; Soler-Rivas, C.; Wichers, H.J. Characterization of the total free radical scavenger capacity of vegetable oils and oil
fractions using 2, 2-diphenyl-1-picrylhydrazyl radical. J. Agric. Food Chem. 2000, 48, 648—-656. [CrossRef]

Savikin, K.; Zivkovi¢, J.; Alimpi¢, A.; Zduni¢, G.; Jankovi¢, T.; Duleti¢-Laugevi¢, S.; Menkovié, N. Activity-guided fractionation of
pomegranate extract and its antioxidant, antidiabetic and antineurodegenerative properties. Ind. Crops Prod. 2018, 113, 142-149.
[CrossRef]

Pastor, K.; A¢anski, M.; Vuji¢, D.; Kondi¢-Spika, A. Binary simple sugar profiling in corn and small grain flour authentication
using GC/EI-qMS approach. Chromatographia 2016, 79, 1553-1559. [CrossRef]

Yildiz, O.; Gurkan, H.; Sahingil, D.; Degirmenci, A.; Er Kemal, M.; Kolayli, S.; Hayaloglu, A.A. Floral authentication of some
monofloral honeys based on volatile composition and physicochemical parameters. Eur. Food Res. Technol. 2022, 248, 2145-2155.
[CrossRef]

Wroniak, M.; Raczyk, M.; Kruszewski, B.; Symoniuk, E.; Dach, D. Effect of Deep Frying of Potatoes and Tofu on Thermo-Oxidative
Changes of Cold Pressed Rapeseed Oil, Cold Pressed High Oleic Rapeseed Oil and Palm Olein. Antioxidants 2021, 10, 1637.
[CrossRef]

Karpinski, P.; Kruszewski, B.; Stachelska, M.A.; Szablowska, E. Development of volatile profile of Kumpiak podlaski dry-cured
ham during traditional ripening. Int. J. Food Sci. Technol. 2020, 55, 3630-3638. [CrossRef]

Vidovi¢, S.; Tomsik, A.; Vladi¢, J.; Joki¢, S.; Aladi¢, K.; Pastor, K.; Jerkovi¢, I. Supercritical Carbon Dioxide Extraction of Allium
ursinum: Impact of Temperature and Pressure on the Extracts Chemical Profile. Chem. Biodivers. 2021, 18, e2100058. [CrossRef]
[PubMed]

Kumar, K.; Srivastav, S.; Sharanagat, V.S. Ultrasound assisted extraction (UAE) of bioactive compounds from fruit and vegetable
processing by-products: A review. Ultrason. Sonochem. 2021, 70, 105325. [CrossRef] [PubMed]

Zivkovi¢, J.; Vladi¢, J.; Naffati, A.; Nasti¢, N.; Savikin, K.; Tomi¢, M.; Vidovié, S. Comparative Chemical Profiling of Underexploited
Arctostaphylos uva-ursi L. Herbal Dust Extracts Obtained by Conventional, Ultrasound-Assisted and Subcritical Water Extractions.
Waste Biomass Valorization 2022, 13, 4147—-4155. [CrossRef]

Maran, J.P.; Priya, B. Ultrasound-assisted extraction of polysaccharide from Nephelium lappaceum L. fruit peel. Int. ]. Biol. Macromol.
2014, 70, 530-536. [CrossRef]

Li, Y;; Lai, P; Chen, J.; Shen, H.; Tang, B.; Wu, L.; Weng, M. Extraction optimization of polyphenols, antioxidant and xanthine
oxidase inhibitory activities from Prunus salicina L. Food Sci. Technol. 2016, 36, 520-525. [CrossRef]

Al-Dhabi, N.A; Ponmurugan, K.; Jeganathan, PM. Development and validation of ultrasound-assisted solid-liquid extraction of
phenolic compounds from waste spent coffee grounds. Ultrason. Sonochem. 2017, 34, 206-213. [CrossRef]

Duymus, H.G.; Goger, F.; Baser, KH.C. In vitro antioxidant properties and anthocyanin compositions of elderberry extracts. Food
Chem. 2014, 155, 112-119. [CrossRef]

Ameer, K.; Shahbaz, H.M.; Kwon, ].H. Green extraction methods for polyphenols from plant matrices and their byproducts: A
review. Compr. Rev. Food Sci. Food Saf. 2017, 16, 295-315. [CrossRef]

Vladi¢, J.; Jankovié, T.; Zivkovié, J.; Tomi¢, M.; Zduni¢, G,; Savikin, K.; Vidovi¢, S. Comparative study of subcritical water
and microwave-assisted extraction techniques impact on the phenolic compounds and 5-hydroxymethylfurfural content in
pomegranate peel. Plant Foods Hum. Nutr. 2020, 75, 553-560. [CrossRef]

Radvanyi, D.; Juhasz, R.; Kun, S.; Szabé-Notin, B.; Barta, J. Preliminary study of extraction of biologically active compounds from
elderberry (Sambucus nigra L.) pomace. Acta Aliment. 2013, 42, 63-72. [CrossRef]

Seabra, 1.].; Braga, M.E.; Batista, M.T.; de Sousa, H.C. Effect of solvent (CO,/ethanol/H;O) on the fractionated enhanced solvent
extraction of anthocyanins from elderberry pomace. J. Supercrit. Fluids 2010, 54, 145-152. [CrossRef]

Seabra, 1.].; Braga, M.E.; Batista, M. T.; de Sousa, H.C. Fractioned high pressure extraction of anthocyanins from elderberry
(Sambucus nigra L.) pomace. Food Bioprocess Technol. 2010, 3, 674-683. [CrossRef]

Waldbauer, K.; Seiringer, G.; Sykora, C.; Dirsch, V.M.; Zehl, M.; Kopp, B. Evaluation of apricot, bilberry, and elderberry pomace
constituents and their potential to enhance the endothelial nitric oxide synthase (eNOS) activity. Acs Omega 2018, 3, 10545-10553.
[CrossRef] [PubMed]

Dominguez, R.; Zhang, L.; Rocchetti, G.; Lucini, L.; Pateiro, M.; Munekata, P.E.; Lorenzo, ]. M. Elderberry (Sambucus nigra L.) as
potential source of antioxidants. Characterization, optimization of extraction parameters and bioactive properties. Food Chem.
2020, 330, 127266. [CrossRef]


http://doi.org/10.1016/j.scienta.2020.109792
http://doi.org/10.1016/j.arabjc.2016.09.003
http://doi.org/10.1002/jsfa.3029
http://www.ncbi.nlm.nih.gov/pubmed/20836175
http://doi.org/10.1021/jf9908188
http://doi.org/10.1016/j.indcrop.2018.01.031
http://doi.org/10.1007/s10337-016-3159-0
http://doi.org/10.1007/s00217-022-04037-4
http://doi.org/10.3390/antiox10101637
http://doi.org/10.1111/ijfs.14697
http://doi.org/10.1002/cbdv.202100058
http://www.ncbi.nlm.nih.gov/pubmed/33660411
http://doi.org/10.1016/j.ultsonch.2020.105325
http://www.ncbi.nlm.nih.gov/pubmed/32920300
http://doi.org/10.1007/s12649-022-01770-5
http://doi.org/10.1016/j.ijbiomac.2014.07.032
http://doi.org/10.1590/1678-457X.0022
http://doi.org/10.1016/j.ultsonch.2016.05.005
http://doi.org/10.1016/j.foodchem.2014.01.028
http://doi.org/10.1111/1541-4337.12253
http://doi.org/10.1007/s11130-020-00848-6
http://doi.org/10.1556/AAlim.42.2013.Suppl.8
http://doi.org/10.1016/j.supflu.2010.05.001
http://doi.org/10.1007/s11947-008-0134-2
http://doi.org/10.1021/acsomega.8b00638
http://www.ncbi.nlm.nih.gov/pubmed/30320246
http://doi.org/10.1016/j.foodchem.2020.127266

Biology 2022, 11, 1465 150f 15

42.

43.

44.

45.

46.

47.

48.

Radojkovi¢, M.; Vujanovi¢, M.; Majki¢, T.; Zengin, G.; Beara, I.; Catauro, M.; Montesano, D. Evaluation of Sambucus nigra L.
biopotential as an unused natural resource. Appl. Sci. 2021, 11, 11207. [CrossRef]

Evans, J.L.; Goldfine, LD.; Maddux, B.A.; Grodsky, G.M. Oxidative stress and stress-activated signaling pathways: A unifying
hypothesis of type 2 diabetes. Endocr. Rev. 2002, 23, 599-622. [CrossRef]

Bhattacharya, S.; Sil, P.C. Role of plant-derived polyphenols in reducing oxidative stress-mediated diabetic complications. React.
Oxyg. Species 2018, 5, 15-34. [CrossRef]

Martin-Gallan, P; Carrascosa, A.; Gussinyé, M.; Dominguez, C. Biomarkers of diabetes-associated oxidative stress and antioxidant
status in young diabetic patients with or without subclinical complications. Free Radic. Biol. Med. 2003, 34, 1563-1574. [CrossRef]
Unuofin, J.O.; Lebelo, S.L. Antioxidant effects and mechanisms of medicinal plants and their bioactive compounds for the
prevention and treatment of type 2 diabetes: An updated review. Oxid. Med. Cell. Longev. 2020, 2020, 1356893. [CrossRef]

Ho, G.T.T; Kase, E.T.; Wangensteen, H.; Barsett, H. Phenolic elderberry extracts, anthocyanins, procyanidins, and metabolites
influence glucose and fatty acid uptake in human skeletal muscle cells. J. Agric. Food Chem. 2017, 65, 2677-2685. [CrossRef]
[PubMed]

Ferreira, S.S; Silva, P,; Silva, A M.; Nunes, EM. Effect of harvesting year and elderberry cultivar on the chemical composition and
potential bioactivity: A three-year study. Food Chem. 2020, 302, 125366. [CrossRef] [PubMed]


http://doi.org/10.3390/app112311207
http://doi.org/10.1210/er.2001-0039
http://doi.org/10.20455/ros.2018.811
http://doi.org/10.1016/S0891-5849(03)00185-0
http://doi.org/10.1155/2020/1356893
http://doi.org/10.1021/acs.jafc.6b05582
http://www.ncbi.nlm.nih.gov/pubmed/28303711
http://doi.org/10.1016/j.foodchem.2019.125366
http://www.ncbi.nlm.nih.gov/pubmed/31442705

	Introduction 
	Materials and Methods 
	Plant Material and Chemicals 
	Conventional Solid–Liquid Extraction (SLE) 
	Ultrasound-Assisted Extraction (UAE) 
	Microwave-Assisted Extraction (MAE) 
	Extraction Yield (EY) and Total Phenolic (TPC) and Flavonoid Contents (TFC) 
	HPLC-MS/MS Analysis 
	HPLC-DAD Analysis 
	DPPH Radical Scavenging Activity 
	Determination of -Amylase Inhibitory Activity 
	Data Processing 

	Results and Discussion 
	Determination of Extraction Efficiency 
	HPLC Analysis of Phenolic Compound in Obtained Extracts 
	Antioxidant and Enzyme Inhibitory Activities 
	Principal Component Analysis 

	Conclusions 
	References

