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Abstract

The paper presents the kinetics of two-step ellagitannin (ET) extraction with an aqueous acetone solution from two techno-
logical types of pomace from selected berry fruits of the Rosaceae family. ETs were identified and quantified using HPLC—
MS and HPLC-DAD. The results revealed the extraction kinetics of total ETs, their high and low molecular weight fractions
(<1569 Da and > 1569 Da), and individual ETs characteristic of the examined fruits. ET extraction proceeded at a faster rate
in the first step, regardless of the tested pomace. For all pomace variants, the mean extraction half time #,,, was 48 min in
the first step and 70 min in the second step. The fruit species and the technological type of pomace were not found to exert
a definite effect on the kinetics of ET extraction. Statistical analysis demonstrated that the molecular weight of ETs did not
influence the kinetics of their extraction, either. It was shown that the technological type of pomace had a significant impact
on the extraction rate of both low molecular weight (LMW) and high molecular weight (HMW) ETs in the first extraction
step, with the mean ¢,,, being 44 min for pomace from juice production and 63 min for pomace from puree production.
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Introduction

Ellagitannins (ETs) are secondary plant metabolites
belonging to the group of hydrolysable tannins (Feldman
et al. 2003; Dai and Mumper 2010). They exhibit benefi-
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o Effective extraction is an important stage to obtain natural
compounds of a potential pro-health nature, so knowledge of the
ETs extraction kinetics is crucial.

o Two-step ET extraction was analyzed using a first-order kinetic
model.

o For all pomace variants, the mean extraction half time #;,, was
48 min in the first step.

e In the second step, ?,,, ranged from 55 to 91 min.

o The highest extraction rate was found for lambertianin C and the
slowest for sanguiin H-6 (for raspberry pomace).

o The extraction kinetics were affected by the technological type
of pomace and the fruit matrix.
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cial health properties, including antioxidant, antibacterial,
antiviral, and anti-inflammatory activity (Sangiovanni et al.
2013; Kahkonen et al. 2012; Larrosa et al. 2010; Puljula
et al. 2020; Marquez - Lopez et al. 2020). The health-pro-
moting activity of ETs has been demonstrated both in vitro
and in vivo. ET extracts from wild strawberry leaves have an
inhibitory effect on HepG2 hepatocellular carcinoma cells
(Liberal et al. 2019). ET extracts from red raspberry show
a strong geno- and cytotoxic effect against colorectal can-
cer cells Caco-2. In the Nowak et al. (2017) study, ETs in
total, in the amount of 2.5-160 pM, induced DNA damage
in the range of 7-57%. In a cellular model of UV-induced
dermatitis, two ETs—strictinin and casuarictin—demon-
strated anti-inflammatory activity by inhibiting interleukin-8
mRNA expression (Takayama et al. 2021). Studies on cell
lines have confirmed the anti-inflammatory and anti-carci-
nogenic effects of ETs obtained from pomegranate leaves
(Toda et al. 2020). The in vitro antiviral activity of three
ETs was tested—antiviral activity has been demonstrated
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against three viruses infecting animals (Vilhelmova - Ilieva
et al. 2020).

ETs are predominantly oligomeric but also include some
monomers. The molecular weight of ETs is in the range of
500-3,000 Da (Lekha and Lonsane 1997; Rao and Snyder
2010; Feldman et al. 2003). Plants containing significant
amounts of ETs in their fruits include members of the
Rosaceae family, e.g., raspberries and blackberries in the
genus Rubus, as well as strawberries and wild strawberries in
the genus Fragaria (Hager et al. 2008; Gasperotti et al. 2010;
Kahkonen et al. 2012). ET content ranges from 500 mg/kg of
strawberry fruits to 4,000 mg/kg fresh weight of blackberry
fruits (Sojka et al. 2016; Klimczak et al. 2011; Gasperotti
et al. 2010; Hager et al. 2010). The main characteristics of
ETs in the studied fruits are the oligomeric compounds lam-
bertianin C, agrimoniin, and sanguiin H-6 (Fig. 1) (Séjka
et al. 2016; Kahkonen et al. 2012; Hager et al. 2008; Salm-
inen 2003; Vrhovsek et al. 2012).

Fragaria and Rubus fruits are highly perishable and are
processed into more stable forms such as juices, purees, con-
centrates, and jams, giving rise to by-products in the form of
pomace, which largely consists of dietary fiber and retains
a mixture of polyphenols, ETs included (Séjka et al. 2016;
Siriwoharn and Wrolstad 2004; Hager et al. 2010). ETs tend
to bind to plant cell walls and can form bonds with pigment
compounds, metal ions, and proteins (Puech et al. 1996;
Okuda et al. 1992), which is probably attributable to the size
and specific structure of ETs and especially the fact that they
contain large numbers of hydroxyl groups. It has been found
that up to 90% of the ETs (and in particular high molecular

weight ETs) contained in raspberries and blackberries are
retained in the pomace after fruit processing (Séjka et al.
2016; Hager et al. 2010).

The literature indicates that acetone is the most effective
solvent for the extraction of ETs (Salminen 2003; Klimczak
and Krdél 2010). The concentration of acetone at the level
of 60-80% allows to obtain a much higher concentration of
ETs in the extract (Salminen 2003; Milczarek et al. 2020).
Oligomeric ETs have been shown to be the most stable at
pH 2-4; therefore, formic acid is additionally used for the
extraction (Séjka et al. 2019).

Fruit pomace may be further extracted to produce prepa-
rations rich in biologically active compounds, i.e., polyphe-
nols. Many studies have shown that ET extracts significantly
inhibit the development of undesirable microorganisms, such
as Escherichia coli, Salmonella enteritidis, and Geotrichum
candidum (Klewicka et al. 2016; Navarro et al. 1996; Al-
Zoreky 2009). ET extracts obtained from by-products may
be used in a variety of industrial applications, e.g., as food
additives to inhibit the growth of pathogenic microorganisms
or to fortify the end products, as well as in the production of
dietary supplements and cosmetics (Klewicka et al. 2016;
Dai and Mumper 2010).

Several kinetic models have been presented in the
literature to describe the rate of extraction of polyphe-
nolic compounds from plant material into liquids (Khan
et al. 2010; Torun et al. 2015; Goula 2013; Bucic-Kojic
et al. 2007; Garcia-Estevez et al. 2015; Sant’Anna et al.
2012; Dincer et al. 2002). The transfer of polyphenols
from a fruit matrix to a solvent occurs in a heterogeneous

OHHO OH

Fig.1 The structure of the main ETs and ellagic acid of selected Rosaceae fruit plants: 1, ellagic acid (MW =302 Da); 2, agrimoniin
(MW = 1871 Da); 3, sanguiin H-6 (MW = 1871 Da); 4, lambertianin C (MW =2806 Da)
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environment, which means that they may be extracted
at different rates (Diaz-Reinoso et al. 2006). The choice
of the right kinetic model mainly depends on the plant
matrix. To date, researchers have mainly focused on the
kinetics of ET extraction from two sources—blackberry
biomass and oak chips (Quirds et al. 2019; Puech et al.
1996; Garcia-Estevez et al. 2015; Psarra et al. 2015). The
kinetics of polyphenolic extraction from a fruit matrix
have been described using a first-order model (Quiros
et al. 2019; Khan et al. 2010) with modifications (Bucic-
Kojic et al. 2013; Sant’Anna et al. 2012). In a study on
the kinetics of polyphenolic extraction from a blackberry
matrix, the first-order model was characterized by a high
R? coefficient (0.860 for ETs, 0.994 for anthocyanins) with
a low estimation error (Quirds et al. 2019). A second-
order model has been applied to ET extraction from wood
(Lazar et al. 2016; Puech et al. 1996). However, little is
still known about the detailed mechanisms of ET transfer
from pomace to solvents.

Understanding the extraction kinetics of ET from berry
fruit pomace is a key aspect in further research on their
effective isolation and further use. Extraction is the first
step in successfully extracting the ETs from the pomace.
Determining the optimal time to extract these compounds
from different waste matrices is useful for the economy of
the entire process. The effective isolation of ETs from waste
products is in line with the green chemistry strategy and
the clean label trend. Isolating ETs will allow for further
research on their health-promoting effects and chemical and
biological properties. Purified ET extracts may be an alterna-
tive to food preservatives and anti-inflammatory compounds
and may be additives influencing specific health-promoting
properties of food.

The aim of the current study was to characterize the kinet-
ics of ET extraction from pomace from two processing tech-
nologies. The pomace was a residue after pressing juices
and producing purees from the fruits of four plant species
of the Rosaceae family. Extraction kinetics were studied not
only for total ETs, but also separately for the low molecular
weight (LMW) and high molecular weight (HMW) frac-
tions as well as for some individual ETs. Research may help
to increase knowledge of acetone extraction of ETs from a
complex matrix such as fruit pomace. This study will allow
to effectively obtain ETs from by-products.

Materials and Methods
Fruits

The research material consisted of selected berry fruits
of the Rosaceae family: raspberry (Rubus idaeus L.),

blackberry (Rubus fruticosus L.), strawberry (Fragaria gran-
diflora), and wild strawberry (Fragaria vesca). Deep-frozen
fruit came from the Cajdex warehouse (Lodz, Poland). The
material (in the amount of 4 kg for each fruit) was stored
at—21 °C until processing. The fruit was packed in tightly
closed polyethylene bags.

Chemicals

Acetone for extraction (99.8% purity) was purchased from
Chempur (Piekary Slqskie, Poland). Reagents for HPLC and
LC-MS were characterized by HPLC grade. Acetonitrile
(LC-MS grade) and orthophosphoric acid (85% concentra-
tion) were from the company J.T.Baker (Deventer, Nether-
lands), while formic acid for HPLC and standard ellagic acid
(>95% purity) were purchased from Extrasynthese (Genay,
France). The ET standards that were used to prepare stand-
ard curves were obtained and purified (Sdjka et al. 2016) at
the Institute of Food Technology and Analysis, Lodz Uni-
versity of Technology. The standards were characterized by
HPLC (210 nm). The purity of the standards was higher
than 90%.

Fruit Processing and ET Extraction

For each fruit species, ETs were extracted from two tech-
nological types of pomace: the by-products of unclarified
juice and puree manufacture. Juices and purees were pro-
duced in accordance with the methodology described in the
previous publication (Milczarek et al. 2021). First, approx.
4 kg of fruits was thawed (4 °C, 24 h) and ground using a
Zelmer grinder (Rzesz6w, Poland). The pulp was incubated
(1 h, 45 °C) with the pectinolytic enzyme Rohapect Classic
(Novozymes, Bagsvaerd, Denmark) at a dose of 0.2 mL/kg
(its enzyme activity was 1906 U/mL). During enzymatic
maceration, the sample was stirred manually every 10 min.
Subsequently, the pulp was divided into two parts: one for
pressing juice (100 bar, 5 min) with a laboratory basket press
and the other one for making puree with a strainer—with
a mesh of less than 1 mm (Orion, Katowice, Poland). The
pomaces obtained from juice and puree production were
used for ET extraction. Immediately after processing, the
pomace was intended for further analysis.

The pomace (in the amount of above 200 g), which was
frozen under liquid nitrogen, was milled with an IKA basic
cryogenic mill (Staufen, Germany) and sieved through a
1 mm mesh to obtain a uniform grain size. Extraction was
carried out in two identical steps according to the methodol-
ogy described by Klewicka et al. (2016). The pomace was
placed in polypropylene containers with a capacity of 2 L.
The pomace was immersed in a 60% aqueous acetone solu-
tion with 0.1% formic acid in a 1:5 ratio and shaken for 6 h
at ambient temperature in an orbital shaker (Elmi DOS-10L,
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Aizkraukles, Latvia) at 150 rpm. After that time, the extract
was separated from solids using a cotton filter cloth. The
pomace was then subjected to another analogous extraction
step. Throughout the entire extraction process, 1 mL samples
of the extract were taken every hour for HPLC/MS analysis.
Two repetitions of extractions were made from each type of
pomace. For each time, 3 parallel samples were taken for
analysis. A total of 6 repetitions were performed for each
hour.

Identification of Ellagitannins

ETs were identified according to the methodology described
by Sdjka et al. (2016) using a liquid chromatograph cou-
pled to a DAD detector and a Q Exactive Orbitrap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). Separation was done on a Luna C18 100 A column
(250 mm x 4.6 mm, 5 pm) (Phenomenex, Torrance, CA,
USA). The separation temperature was 35 °C, and the flow
rate was 1 mL/min at an injection volume of 20 pL. Separa-
tion took place in a gradient system using two phases: A
(1% formic acid in water) and B (80:20 acetonitrile/water
solution). The gradient program was as follows: 0-6.5 min—
5% B, 95% A; 6.5-12.5 min—5-15% B, 95-85% A;
12.5-44 min—15-45% B, 85-55% A; 44-45 min—45-75%
B, 55-25% A; 45-50 min—75% B, 25% A; 50-52 min—
75-5% B, 25-95% A; and 52-65.5 min—5% B, 95% A. The
mass spectrometer recorded spectra in negative mode (H-ESI
source). The capillary temperature was 400 °C, and the
vaporizer temperature was set to 500 °C. The auxiliary and
sheath gas flow rates amounted to 72 and 20 units, respec-
tively. The ion spray voltage was 4 kV. In full MS/dd-MS?
scanning mode, the mass range was set at m/z 200-2000 and
collision energy at 20. Data were collected using Xcalibur
3.0.63 (Thermo Fisher Scientific Inc.) software.

Quantitative Analysis of Ellagitannins by HPLC

Quantitative analysis of ETs was carried out in accordance
with the methodology described by Séjka et al. (2016). The
content of ETs in the tested extracts was analyzed using a
Smartline Knauer liquid chromatograph (Berlin, Germany).

The HPLC set consisted of a degasser (Manager 2000), a
thermostat, two pumps (P1000), and an autosampler (3950).
A PDA detector (2800) was used with the wavelength set to
250 nm. The separation was carried out in accordance with
the methodology described by Séjka et al. (2016). The ETs
were separated on a Gemini C18 110 A column thermostated
in 35 °C (Phenomenex, Torrance, CA, USA). The dimen-
sions of the column were 250 mm X 4.6 mm, 5 pm. The flow
rate was set to 1.25 mL/min. The injection volume was 20
pL. Separation of ETs was carried out in a gradient system,
with two phases: A—0.05% aqueous solution of phosphoric
acid and B—83% aqueous solution of acetonitrile acidified
with 0.05% phosphoric acid. The share of phases in the gra-
dient during analysis was as follows: 0—5 min—5% of phase
B, 95% of phase A; 5-10 min—5-15% of phase B, 95-85 of
phase A; 10-35 min—15-40% of phase B, 85-60 of phase
A; 35-40 min—40-73% of phase B, 60-27% of phase A;
40-44 min—73% of phase B, 27% of phase A; 44—46 min—
73-5% of phase B, 27-95% of phase A; and 46-54 min—5%
of phase B, 95% of phase A. To quantify individual ETs,
standard curves were made in the concentration range: lam-
bertianin C—0.5-225 mg/L, sanguiin H-6—0.5-200 mg/L,
agrimoniin—0.5-100 mg/L. The concentrations of lamber-
tianin D, lambertianin C isomers, and unknown ETs were
calculated from the lambertianin C standard curve. The
concentrations of ellagic acid conjugates were calculated
using the ellagic acid standard curve. The main validation
parameters, i.e., LOD (limit of detection), LOQ (limit of
quantification), recovery, repeatability, and coefficient of
variance, were determined on the basis of standard curve
equations. The LOD was adopted as the b factor from the
respective standard curve equations. LOQ was calculated by
multiplying the LOD by three (Table 1).

Immediately before injection of the extract onto the col-
umn, the samples were diluted 1:1 with phase A. Data were
collected by the ClarityChrom v. 3.0.5.505 program (Berlin,
Germany).

Kinetics of Ellagitannin Extraction

The parameters that are typically used to evaluate the
fit of extraction kinetics models are the p-value, the

Table 1 Analytical parameters ET Linear range [mg/L] LOD* [mg/L] LOQ°[mg/L] RSD®[%] RY[%] CV°[%]

used for quantitative analysis of

ellagitannins LC’ 0.5-225 0.999 0.4 13 1.2 982 1.3
SH-6¢  0.5-200 0.999 03 1.0 15 978 16
EA"  0.5-300 0.998 0.2 0.7 1.0 998 1.9
AGR'  0.5-100 0.998 0.4 1.3 1.4 972 15

System: Smartline Knauer liquid chromatograph, column: Gemini C18 110A (250 nmx4.6 nm, 5 pm),
A=250 nm, t=35 °C’ *limit of detection, "limit of quantification, © r@lative standard deviation, drecovery,
ccoefficient of variation, lambertianin C, £sanguiin H-6, hellagic acid, 'agrimoniin
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determination coefficient R?, and the standard error of
estimation (SEE) (Quirés et al. 2019). In a study on the
kinetics of blackberry ET and anthocyanin extraction by
Quirds et al. (2019), a first-order kinetics model revealed
a slightly better fit as compared to a modified pseudo-first-
order model (the latter was marginally better in the case
of total polyphenolic extraction) (Sant’Anna et al. 2012).
Also other studies on the kinetics of polyphenolic extrac-
tion from plant matrices indicate a good fit of first-order
kinetic models (Spiro and Pui-Lang 1995; Torun et al.
2015; Bucic-Kojic et al. 2013). Therefore, in the present
work, that model was selected for describing the kinetics
of ET extraction from the tested pomaces.

ET extraction took place in two steps, with each being
described separately by the following first-order model
kinetic equations:

Coo = C,y(1 =€)

This model defines the final concentration of ETs (C,)
extracted from pomace C,,(mg/100 g fresh weight). The
linearized equation takes the following form:

Coo

=kt

In

Cso — Co

where ¢, is the concentration of ETs extracted from
pomace at time ¢ (min). In order to determine extraction
rate constants (s™') for ETs, time was plotted as the func-
tion In( C°°C ).

o0—-%0

Another important parameter is extraction half time or
the time after which half of the content of the compounds
is extracted — ¢:(min).

2

C,

_m

11
2 k

The correlation between the theoretical calculations and
experimental results was assessed based on the value of
the determination coefficient R?, defined as:

2?:16)\1 - y)z
Z?:l (.Yr - y)z

where y, is the value of ET concentration over time, y,
is the theoretical value of ET concentration, and y is the
arithmetic mean of experimentally obtained ET concen-
trations. The correlation coefficient value is in the range
of 0—1. The higher the R? value, the better the fit of the
model.

The measurement precision for ETs concentration after
the first and second extraction step was also determined
based on repeatable center points. The CV (coefficient of
variance) was determined from the formula:

RP=1-

cv =52, 100%
X

where SD is standard deviation and X is the average
value for repeatable center points.

In addition, the standard error of the mean (SEM) was
also determined based on the formula:

SEM = 5>

n

where § is standard deviation and » is the number of
repetitions.

Statistical analysis of the extraction kinetics results was
conducted using StatSoft Statistica software v. 7.0.61.0 EN
(CA, USA). The effect of the extraction step, technological
type of pomace, fruit species, and molecular weight of ETs
on ¢, was tested using Duncan’s post-hoc test. The effect of
individual parameters on the rate constant k was not studied,
as this value was closely correlated with the value of ¢,
(R*=0.99).

Results and Discussion

The kinetics of ET extraction (for the compounds identified
in Table 2) from two technological types of pomace obtained
from four species of fruit were divided into two steps,
according to the steps of the extraction process. Extraction
kinetics were presented as the amount of ET extracted from
100 g of pomace as a function of time and studied in relation
to the total concentration of ETs (c) obtained after each of
the two 6-h steps. In addition, kinetic parameters were deter-
mined for the HMW ET fraction (> 1569 Da) and the LMW
fraction (<1569 Da). An important element of the work was
the determination of extraction kinetics for individual ETs
characteristic of the examined fruits.

Extraction Kinetics of Total ETs

Table 3 shows the final concentrations of ETs (c_,) as well as
the rate constant (k) and extraction half time (¢,,,) values for
the two extraction steps (Fig. 2). In each case, extraction pro-
ceeded until reaching equilibrium. In all tested extracts, total
ET content was higher in the first than in the second step.
Three to four times more ETs were obtained from Rubus
(raspberry and blackberry) pomaces in the first extraction
step; e.g., 100 g of blackberry pomace from juice produc-
tion yielded 830 mg of ETs in the first step vs. 260 mg in
the second step (Table 3). In the case of Fragaria (straw-
berry and wild strawberry) pomaces, the extraction yields
obtained in the first step were up to eight times higher than
in the second step. For instance, 100 g of pomace derived
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Table 2 Identification of the main ellagitannins in selected berries

RT® [min] MS data [m/z] MS/MS  MS/MS data Compound References Fruit
[m/z]
13.12 [947.05]7! 947 [902.04]7'[901.04]7![883. Unknown ellagic ~ Bubba et al. (2012) +
03]17'[871.03]7'(599.03]  acid trimer
-11301.00] ! derivative
22.23 [1401]72[934.07]73 1401 [1869.15]7'[1567.15]"'[14 Lambertianin C Mullen et al. (2002) + o+
01.61172[1235.07]7'[935.
08]17'[897.05]7'(633.08]~
11613.0517'[301.00] "
23.38 [934.08]172[1870.16]"" 934 [1567.1517'[1235.08]7'[96 Sanguiin H-6 Gasperotti et al. (2010) + o+
3.14171[935.08]7'[897.05
17'1633.08171[631.06]7[
301.001!
26.11 [934.08]72 934 [1085.0817'[936.0917![935 Agrimoniin Vrhovsek et al. (2012) +  +
.0817'[897.0517'[783.07]
~11633.08]17'[613.0517'[3
01.0017!
27.38 [301.00]~! 301 - Ellagic acid Gasperotti et al. (2010) + + + +

aRT retention time, °S strawberry, “WS wild strawberry, R raspberry, °B blackberry

Table 3 Kinetics of ellagitannin

Product Extraction C_°[mg/100g] k[10™*s7!] t,, [min] R?

CV4 (%] SEM®

extraction from two Fruit
technological types of pomace Raspberry J2 Step 1
.(dfsrived from the production of Step 2
juices and purees)
PP Step 1
Step 2
Blackberry J Step 1
Step 2
P Step 1
Step 2
Strawberry J Step 1
Step 2
P Step 1
Step 2
Wild strawberry J Step 1
Step 2
P Step 1
Step 2

614.3+8.6 2.80 41.25 0.98 1.40 1.43
279.9+5.5 1.72 67.15 0.86 1.96 0.92
587.7+£6.0 2.29 50.44 0.89 1.02 1.00
133.5+£3.2 1.69 68.34 0.94 2.40 0.53
827.9+8.9 1.93 59.84 0.99 1.08 1.48
258.5+6.4 1.73 66.76 0.88 2.48 1.07
310.3+3.5 3.57 32.35 094 1.13 0.58
69.2+2.8 1.27 90.95 0.84 4.05 0.47
183.0+1.7 2.86 40.38 0.99 0.93 0.28
44.4+09 1.47 78.57 0.89 2.03 0.15
47.0+0.8 3.15 44.59 0.88 1.70 0.13
5.6+0.4 2.09 55.26 091 7.14 0.07
115.1+1.5 2.53 45.65 0.93 1.30 0.25
37.0+£32 1.14 73.57 0.89 8.65 0.53
71.5+5.4 1.69 68.34 095 7.55 0.90
348+2.1 1.98 58.33 092 6.03 0.35

4J juice, bp puree, “values are means +standard deviation; n=6; dCV coefficient of variation—precision
was also determined based on repeatable center points; *SEM standard error of the mean

from the production of strawberry puree yielded 47 mg of
ETs after 6 h of extraction as compared to approx. 6 mg in
the second step.

For the tested pomace variants, the extraction rate
constants were on average 40% higher in the first step
(0.012 to 0.021 min~') than in the second step (0.0068 to
0.013 min~!), except for pomace from the production of
wild strawberry puree (0.010 min~! vs. 0.012 min™!). In a
study on the kinetics of ET extraction from blackberry by-
products, Quirds et al. (2019) obtained an extraction rate

@ Springer

constant of 0.079 min~!, which is in line with the present
findings (the extraction rate constant for blackberry pomace
in the first step was 0.012-0.021 min~!). In terms of the
kinetics of total polyphenolic extraction from fruit material,
Khan et al. (2010) reported a rate constant of 0.03 min~!
for orange peels (also using a first-order model). Similar
polyphenolic extraction constants have been reported from
studies involving blackberry biomass (0.023 min~!, Quirés
et al. 2019) and grapes (0.040 min~!, Sant’Anna et al. 2012).
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Fig.2 Kinetics of two-step ellagitannin extraction from pomace
derived from selected fruits of plants in the Rosaceae family (by-
products of juice and puree production): 1, juice: raspberry and

In the present study, the extraction half time ¢, did not
exceed 1 h for any of the tested raspberry and blackberry
pomace variants (in the first step), with a significant slow-
down in the ET extraction rate after that time. The same was
true for strawberry and wild strawberry pomaces except for
the variant from the production of wild strawberry puree,
where ¢, in the first step was 68 min. In the second step,
t,,, ranged from 55 to 91 min. Regardless of the fruit spe-
cies and technological pomace type, extraction kinetics were
clearly characterized by a two-step course, with a fast first
step and a slower second one, in which an equilibrium was

blackberry; 2, puree: raspberry and blackberry; 3, juice: strawberry
and wild strawberry; 4, puree: strawberry and wild strawberry

reached. Statistical analysis (ANOVA) revealed a signifi-
cant difference in the mean ¢,,, between the first and second
extraction steps at 48 + 11 min and 70+ 11 min, respectively
(p-value < 0.006548 at the adopted significance level of
0.05) (Table 4). For comparison, in the study of Quir6s et al.
(2019) on the extraction kinetics of total polyphenols from
blackberry biomass, equilibrium was reached after 120 min.
A clear two-step mechanism of polyphenolic transfer from
plant matrices has been reported in the literature, with a
dynamic first step involving the transfer of compounds
present on the surface of solids and a slower second one

Table 4 Statistical analysis of mean t,,, [min] for ellagitannin extraction from raspberry, blackberry, strawberry, and wild strawberry pomaces

Total ETs
Step Average time [min] Product Fruit
Juice Puree R B S WS
1 47.884+11.5" 46.824+9.1  48.924+149  45.80"+6.5 46.2044+19.5 42.504+3.0 57.00%%+16.0
2 69.885+11.3 714982455  6823B+162  67.75BB*+0.8  78.90BBi+17.1  66.83%4+163  6595B5+10.8

“Values are means + standard deviation; n=6; the results in individual lines marked with the same lowercase Roman letter do not differ statisti-
cally (p <0.05); results in individual columns marked with the same large Roman letter do not differ statistically (p>0.05)
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involving diffusion transfer from within solids into a liquid
solvent (Coulson et al. 1991; Garcia-Estevez et al. 2015). In
the present study, statistical analysis showed that the extrac-
tion of total ETs did not depend on the technological type of
pomace or fruit species. The mean ¢,,, values for pomaces
from juice and puree production were 47 and 49 min in the
first step and 72 and 68 min in the second step, respectively.
The mean ¢, values obtained for different fruit species did
not differ statistically, ranging from 43 to 57 min in the first
step and from 66 to 79 min in the second step.

Extraction Kinetics Depending on ET Molecular
Weight

The identified ETs were divided into LMW (<1569 Da) and
HMW (> 1569 Da) fractions. The kinetics of their extrac-
tion were analyzed based on the amount of ETs extracted
from the pomace in each of the two steps (Fig. 3). In addi-
tion, mean t,,, values were analyzed statistically in terms of
ET molecular weight, extraction step, technological type of
pomace (derived from juice or puree production), and fruit
species.

In most cases, the extraction rate constant was higher in
the first step for both LMW and oligomeric ETs, except for

Step 1 <1569 Da

C [mg/100 g]
C [mg/100 g]

Time [min]

Step 2 <1569 Da

C [mg/ 100 g]
C [mg/100 g]

Time [min]

Fig.3 Kinetics of two-step ellagitannin extraction from pomaces
depending on ellagitannin molecular weight; RJ, raspberry juice;
RP, raspberry puree; BJ, blackberry juice, BP, blackberry puree; SJ,

@ Springer

ETs extracted from pomace derived from the production
of wild strawberry puree, for which it was higher by 0.1
(10™* s71) in the second step, regardless of ET molecular
weight. In the first step, the extraction rate of HMW ETs
ranged from 1.26 to 4.06 (107*s™1) (Table 5). The second
step of ET extraction was generally characterized by lower
rate constants as compared to the first step, and the half
time of ET extraction was shorter in the first step regard-
less of ET molecular weight. In the first step of ET extrac-
tion from all kinds of pomaces, ¢, values ranged from
37.5 to 80.2 min for LMW ETs and from 48 to 69 min
for HMW ETs. Statistical analysis did not indicate any
significant differences in extraction rates between LMW
and HMW ETs in either step (Table 6).

However, some significant differences in the first
extraction step were observed depending on the prod-
uct from which the pomace was derived. Regardless of
molecular weight, ETs were extracted faster from pom-
aces obtained from juice production as compared to those
from puree production. Interestingly, in the case of rasp-
berries and blackberries, the extraction rates of ETs with
a molecular weight of <1569 Da were two times higher
for pomaces from juice production than for those from
puree production.

Step 1>1569 Da

60 120 180 240 300 360
Time [min]
Step 2>1569 Da e RPJ
o RPP
.
ceameeereett + BPI
.....
o Leeett é° i S 4 a BPP
o et oo
. 4 ,.;,_’3 """" A WSPJ
~ B © WSPP
o = SPJ
L o SPP
P

*+ 1st order model - RPJ
—— st order model - RPP
===-1st order model - BPJ

b — = — — == — — —% __istorder model - BPP

. 1st order model - SPY

== EETE — —1storder model - SPP
60 120 180 240 300 360 = - -1st order model - WSPJ
Time [min] — + st order model - WSPP

strawberry juice; SP, strawberry puree, WSJ, wild strawberry juice;
WSP, wild strawberry puree
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Thus, the time after which half of ETs were extracted
was on average half as much for pomace from juice pro-
duction; ¢,,, for raspberry pomace from juice production
was about 47 min as compared to over 80 min for rasp-
berry pomace from puree production. This may be due
to the greater proportion of seeds in pomaces from puree
production, with the hard outer seed shells being a natu-
ral barrier likely to impede the extraction of polyphenolic
compounds (Siriwoharn and Wrolstad 2004). In the second
extraction step, no statistically significant differences were
observed in the extraction of ETs depending on molecular
weight. For example, the average #,,, values for LMW and
HMW ETs were 86 and 89 min, respectively.

As can be seen, under the tested conditions of shaking-
assisted extraction with 60% aqueous acetone solution
(20 °C, t=6 h, shaking — 150 cycles/min), the molecular
weight of ETs did not have a clear effect on their extraction
kinetics. This may be attributed to the specific polyphenolic
profiles of the fruits, as well as the presence of other com-
pounds impeding ET extraction from the matrix. In this con-
text, Puech et al. (1996) also mentioned differences in the
solubility of individual ETs and the varying degrees of their
affinity for cell walls.

Extraction Kinetics of Individual Ellagitannins

The extraction kinetics of individual ETs were analyzed in
two stages. First, extraction rates and ¢,,, values were deter-
mined for ETs characteristic of pomaces from the various
fruits (Table 7). At the second stage, statistical analysis was
performed to examine the impact of extraction step, tech-
nological type of pomace, and fruit species on the obtained
results.

The ETs characteristic of Rubus pomaces are sanguiin
H-6 and lambertianin C, which account for up to 90% of
total ETs in raspberries and blackberries (Sjka et al. 2016;
Gasperotti et al. 2010; Kahkonen et al. 2012). In the case
of the genus Fragaria, the main ETs are agrimoniin and an
ellagic acid trimer derivative of unspecified structure (Bubba
et al. 2012; Vrhovsek et al. 2012). In addition, ellagic acid
was determined in all pomace variants.

In the first extraction step, t,, values for individual ETs
were up to 81 min, with the extraction rates of sanguiin
H-6 being 1.47-1.59 (10~* s7!) for two types of raspberry
pomace and 2.06-2.17 (10~* s~!) for blackberry pomaces.
The ET with the highest extraction rate in the first step was
trimeric lambertianin C, with ¢, values ranging from 32 to
73 min, depending on the pomace variant.

Statistical analysis (Table 8) revealed a significant differ-
ence in the extraction rates of lambertianin C and sanguiin
H-6 from raspberry pomace, with mean ¢,,, values in the first
step being 38 min for the former and 76 min for the latter.
This difference was not observed in the second extraction

@ Springer

step or in either step in the case of blackberry pomace. In
contrast to the study of Puech et al. (1996), where ellagic
acid exhibited the fastest rate of extraction from oak wood,
in the present experiments, the ¢, values for ellagic acid
ranged from 43 to 81 min in the first extraction step, depend-
ing on the pomace variant, and did not differ significantly
from those of other ETs. This may be attributable to a dif-
ferent extraction matrix: Puech et al. (1996) suggested that
differences in the extraction kinetics of individual ETs may
result from differences in ET solubility and wood permeabil-
ity. Agrimoniin and the unknown ellagic acid trimer deriva-
tive were extracted at comparable rates from all the tested
matrices, with ¢, values being 41-62 min for agrimoniin
and 55-71 min for the trimer.

The second step of extraction was slower. The ¢,,, value
for lambertianin C extraction from raspberry pomace derived
from puree production was 138 min. Longer #,,, values in the
second step were also found for ellagic acid (up to 114 min),
agrimoniin (up to 114 min), and an unknown ellagic acid
trimer derivative (up to 100 min). This may be associated
with a solvent sorption mechanism in the first step followed
by desorption in the next step (Garcia-Estevez et al. 2015;
Coulson et al. 1991).

To date, the extraction kinetics of individual ETs have
been studied mainly for wood chips and bark. Due to the
complexity of the extraction process, Garcia-Estevez et al.
(2015) developed an original “Washing & Two-rates”
kinetic model. They indicated that in the case of ET leach-
ing, an additional step can be distinguished, that is, pre-
moistening of oak chip surface with the extractant. Only
after this step is proper ET extraction followed by diffusion
from the innermost chip layers. Garcia-Estevez et al. (2015)
also noted that in the second step, the extraction rate con-
stants for castalagin, vescalagin, grandinin, and roburin E
were lower by one to two orders of magnitude. The authors
attributed that to the differential distribution of ETs in chips.
The outermost layers of the chips contained less vescalagin,
so the time required to extract half the maximum amount
was correspondingly longer. In turn, Puech et al. (1996),
who extracted vescalagin and castalagin (934 Da) from oak
barrels, observed that they were less available than other
ETs, probably due to their greater affinity for oak cell walls.
The literature has also indicated that ETs may bind to other
compounds, e.g., polyphenols (Jourdes et al. 2009; Okuda
et al. 1992). In the case of vescalagin and castalagin epimers,
the tendency to form bonds with other polyphenols depends
on the orientation of the hydroxyl group at the first carbon
atom of the glucose moiety. Unlike castalagin, vescalagin
has the ability to bind to pigments (Jourdes et al. 2009;
Quideau et al. 2004). Castalagin and vescalagin also differ
significantly in reactivity due to the specific structure of their
epimers. The position of the f-OH exo-bond at the first glu-
cose carbon atom in the vescalagin structure offers a greater



1181

Food Analytical Methods (2022) 15:1171-1184

SATIEALIOP LWL PIOE OISE[[S UMOUNUN A//)3 ‘UITUOWLISE YO, ‘PIOe JISE[[d VA, ‘9-H UINSUES 9, ‘D UIuenIsquie] )7, ‘eamd 4, omf 7,

60 ¥86S €61 ¥80  YOVL 95T ¥60  61TL 091 - - - - - - d

¢80  €¥°001 SI'T 9L0  8EHbI 080 980  +I'¢6 AN - - - - - [ Aueqmens piip

- - - - 99°6L ST 880  996L Srr - - - - - - d

- - - - 8L°6Y €T 960 0TS we - - - - - - r K119qmeng

- - - - - - ¥80  LLOS €'l L8O 60°€8 61 SLO  T1°€9 €8l d

- - - - - - 160 9EPII 10T +6°0 06'9S €0C S60  6L09 061 r K1ogyoeg

- - - - - - 680  LLOS €1 980 010y 88C 9L0  0S'LEL ¥8°0 d

- - - - - - W60 68 9¢'T €60 YL SST T60  ¥T8E 0°€ r K1roqdsey
7 dos :uonoenxyg

S60  000L SOl 860  6L09 061 €60  LLO8 &r - - - - - - d

660  6TIL 91T 060  8I'LS 0T 880 65t 65T - - - - - - [ A1oqaens piip

- - - - £€6°6S 80C 960  6L09 061 - - - - - - d

- - - - STIY 08°C 680  €£8S 861 - - - - - - r K11qmens

- - - - - - 680  99°0S 87T 6870 L0'9S 90T ¥80  8TEE LY'¢ d

- - - - - - 660 €T €I'T 660 €T°€S LIT L60  TSLL 67’1 r Kragyoerg

- - - - - - 880  LS8L LYl 160 Y9TL 65T 860  €Tb 19C od

- - - - - - 160 ey 99°C 160 LS'8L YT €60  9TTE 86°¢ of K11aqdsey
T Qoaw ;uonoenxy

A [uw]¥ [s, 011y o [uww]y [s, o]y oy (o] [s, ol oy [umo] @ [s, o1l v [ww] @M [Ls, 011y

3NN DV v »9HS x0T 1onpoid RS}

JINIJ 2D20DS0Y PAIO[AS A JO ONSLIIORILYD SUTUULRIISR[[Q [ENPIAIPUI JO] s1ojowrered sorjouny uonoenxy / a|qel

pringer

a's



1182

Food Analytical Methods (2022) 15:1171-1184

Table 8 Statistical analysis of mean t,;, [min] values for individual ellagitannins characteristic of the selected Rosaceae fruit

ET Average t;;, [min] Product Fruit
Juice Puree Raspberry Blackberry Strawberry Wild strawberry
Step 1
LC*  46.824+21.2% 54.894+32.0  38.76"+7.7 382572485 55404 +313 - -
AGR® 53.69"+8.6 492144113  58.16%%x3.7 - - 4839%®+10.1  58.994% 4126
EA®  58.928+14.2 50.144%+7.3 67.704+£14.5 61.002°+24.9 52454%425  59564°+17  62.684°+25.6
UNY  70.65%+0.9 712942426 70.00 42 +2.5 - - - 70.65 2%+ 0.9
SH6®  65.13%+12.4 659041119 6436%+11.7 75.65°+42 54654420 - -
Step 2
LC 74918 +43.2 4952824159 10031324526 87.87B3+702 61.95B3+1.6 - -
AGR  86.97°+40.4 97.08B82+66.9  76.85%2+4.0 - - 64.7282£21.1  109.21 B2+£49.7
EA 82.238+17.7 86.11%2+£259 783582441 8285B2+29 9757824238 6584824195 82.67B2+14.8
UN 80.14B +28.7 100.43 82425 59.84 81438 - - - 80.14 B2+28.7
SH6  63.655+19.1 65718241246 61.60%2+£304 573184243 70.082+185 - -

3LC lambertianin C, "AGR agrimoniin, ‘EA ellagic acid, “UN unknown ellagic acid trimer derivative, °SH6 sanguiin H-6; *values are
means + standard deviation; n=6; results in individual lines marked with the same lowercase Roman letter do not differ statistically (p>0.05);

results in individual columns marked with the same uppercase roman letter do not differ statistically (p > 0.05)

ability to form hydrogen bonds with the solvent (Jourdes
et al. 2009). Therefore, compound properties may influence
the extraction kinetics of individual ETs. In addition, extrac-
tion kinetics are also affected by the composition of the plant
matrix and ET distribution within it (Garcia-Estevez et al.
2015; Puech et al. 1996; Jourdes et al. 2009).

The two main ETs in both raspberry and blackberry
pomaces are lambertianin C (2806 Da) and sanguiin H-6
(1871 Da). Interestingly, while in the case of raspberry
pomace, trimeric lambertianin C was extracted faster than
dimeric sanguiin H-6, and the two ETs were extracted at
similar rates from blackberry pomace. This may indicate
that the extraction of these compounds is affected by the
fruit matrix. In the case of pomaces from Fragaria fruits,
the characteristic ETs were extracted at similar rates, without
significant statistical differences.

Conclusions

This is the first publication to comprehensively describe the
kinetics of ET extraction from eight different variants of
fruit pomace. Extraction was carried out in two steps with
shaking. Two-step ET extraction was analyzed using a first-
order kinetic model. The proposed model has been found
to describe well the extraction of ETs from the selected
Rosaceae fruit pomaces. ET extraction proceeded faster in
the first step regardless of the pomace tested. The molecular
weight of ETs had no effect on the extraction rate under the
conditions presented. The extraction kinetics were affected
by the technological type of pomace and fruit matrix. In
the case of raspberry pomace, the highest extraction rate

@ Springer

was found for trimeric lambertianin C and the slowest for
dimeric sanguiin H-6, but the two compounds were extracted
at similar rates from blackberry pomace.

In-depth knowledge of extraction kinetics affords a bet-
ter understanding of ET isolation from pomaces obtained
as by-products from the processing of selected fruits of
Rosaceae plants. Isolated and purified ET extracts can be
used in the food industry for f.e. food enrichment. Moreover,
ET extracts can be an alternative to preservatives (due to
their anti-microbial properties). ET-rich extracts can also be
used in the pharmaceutical and cosmetics industries. How-
ever, more research is needed on the interactions of ETs with
other food and cosmetics ingredients.
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