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Nawirska-Olszańska and Maciej

Oziembłowski

Received: 30 September 2025

Revised: 27 October 2025

Accepted: 30 October 2025

Published: 1 November 2025

Citation: Hejduk, A.; Sójka, M.;

Klewicki, R. Impact of Purification

Methods on the Antioxidant

Properties of Tannin-Rich Extracts

Obtained from Berry Fruit

By-Products. Appl. Sci. 2025, 15, 11701.

https://doi.org/10.3390/

app152111701

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Impact of Purification Methods on the Antioxidant Properties of
Tannin-Rich Extracts Obtained from Berry Fruit By-Products
Agnieszka Hejduk *, Michał Sójka and Robert Klewicki *

Institute of Food Technology and Analysis, Lodz University of Technology, Stefanowskiego 2/22,
90-537 Lodz, Poland; michal.sojka@p.lodz.pl
* Correspondence: agnieszka.hejduk@p.lodz.pl (A.H.); robert.klewicki@p.lodz.pl (R.K.)

Abstract

This study evaluates how different purification methods influence the antioxidant proper-
ties of polyphenol-rich berry pomace extracts, taking into account both the source of the
pomace and the purification strategy used. The extracts were obtained from raspberry,
blackberry, strawberry, and wild strawberry pomaces derived from the production of
unclarified juices and purées. The extracts were analyzed in three states: crude (CEX), puri-
fied using Amberlite XAD 1600N adsorbent resin (XAD), and purified via size-exclusion
chromatography (SEC) on a gel filtration resin. Ellagitannins, flavanols, and anthocyanins
were determined using HPLC-DAD-FD methods. Antioxidant properties were determined
based on: total antioxidant compounds, DPPH radical scavenging activity, and Fe3+ ion
reduction power. Purification significantly enhanced the concentration of antioxidant
compounds, which increased 2-fold with the XAD method and more than 3-fold using
SEC. The extracts exhibited strong DPPH radical scavenging activity, ranging from 65%
to 90% for raspberry and blackberry extracts and from 34% to 95% for strawberry and
wild strawberry extracts, depending on the degree of purification. Similarly, Fe3+-reducing
power increased 2- to 6-fold in extracts purified using XAD and SEC compared to crude ex-
tracts. Purification via size-exclusion chromatography enabled the separation of tannin-rich
and anthocyanin-rich extract fractions. Ellagitannins were the main class of polyphenols
contributing to the enhanced antioxidant potential. Anthocyanins contributed significantly
to antioxidant activity only in the case of blackberry extracts.

Keywords: antioxidants; tannins; polyphenols; purification; berry fruit; ellagitannins

1. Introduction
Polyphenols are a diverse group of chemical compounds characterized by structural

diversity and antioxidant activities [1,2]. Their health-promoting mechanisms, including
antioxidant effects, are highly complex and involve multiple pathways such as free radical
scavenging, heavy metal chelation, interactions with micro- and macromolecules, hydrogen
atom donation, and inhibition of lipid peroxidation [3,4]. Many researchers have attempted
to establish correlations between the content of specific polyphenolic compounds, organic
acids, vitamins, and overall antioxidant capacity [5–7]. Strong antioxidant activity has been
closely linked to the presence of polyphenolic compounds [8,9]. Initially, it was believed
that the antioxidant properties of polyphenols were primarily determined by molecular
weight and the number of hydroxyl groups; however, it has since been demonstrated that
factors such as the degree of polymerization and the structural configuration of individual
compounds also play a significant role [4,10–12].
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Tannins are polyphenols with complex and highly diverse structures. Their molecular
weight typically ranges from 300 to 4000 Da. Most tannins are oligomeric compounds
containing a high number of hydroxyl groups attached to phenolic rings. They are generally
classified into two main types: hydrolyzable tannins (e.g., ellagitannins, gallotannins) and
condensed tannins (procyanidins). Tannins are widely distributed in nature and, due to
their structural complexity, exhibit a wide range of properties including health-promoting,
antioxidant, and antimicrobial effects [12–14].

Berry fruits are particularly rich in polyphenolic compounds, characterized by a
unique profile with high and varied concentrations of ellagitannins (ETs), condensed
tannins, and anthocyanins [9,15–18]. These fruits are often cited as excellent sources of
antioxidants and bioactive compounds [1,2,19,20]. However, due to their short shelf life,
berries are typically frozen or processed into juices, jams, or purées. These processing
methods generate by-products in the form of pomace. It has been shown that both the
qualitative and quantitative profiles of polyphenols in pomace may vary depending on the
fruit processing method used [18]. During the production of unclarified juices and purées,
a significant portion of polyphenols—including oligomeric compounds—remains in the
pomace [17,18,21]. As such, berry pomace constitutes a valuable source of polyphenols and
represents a promising raw material for the production of polyphenol-rich extracts [22].

The most effective solvent for extracting polyphenolic compounds, including tannins,
is aqueous acetone at concentrations ranging from 60% to 80% [23–25]. For purifica-
tion, polyphenol-rich extracts are often treated using adsorptive resins such as Amberlite
XAD [26]. In this process, the extract is applied to a resin, and then the adsorbed polyphe-
nols are washed with water and eluted with an appropriately selected solvent, e.g., ethanol.
This purification step helps eliminate water-soluble compounds such as sugars, proteins,
peptides, and pectins [8,26]. This is particularly important when studying the properties of
polyphenols themselves and their antioxidant potential, as unpurified extracts may yield
distorted results due to interfering substances [27].

Size-exclusion chromatography (SEC), using gel resins such as Sephadex LH-20 or Toy-
opearl HW-40 F, has also been identified as an effective method for purifying polyphenolic
extracts [8,28,29]. Gel-based resins enable separation of polyphenols based on molecu-
lar size, making it possible to isolate tannins from other polyphenol groups or separate
monomeric from oligomeric compounds. This allows for targeted analysis of specific
polyphenol groups [22,30].

The primary objective of this study was to evaluate how different purification methods
influence the antioxidant properties of polyphenol-rich extracts obtained from various
types of berry pomace, taking into account both the source of the pomace and the purifica-
tion strategy used. The novelty of the study lies not only in the comparative analysis of
purification techniques, but also in the comprehensive evaluation of multiple berry pomace
types—an approach that is rarely addressed in current literature. What distinguishes this
study is the use of a wide range of pomace types as raw material, which highlights the vari-
ability in polyphenolic composition between different fruit sources and processing methods.
Pomaces from four different types of berry fruits—raspberry, blackberry, strawberry, and
wild strawberry—were obtained either after pressing for unclarified juice or after purée
production. These fruits were chosen due to their broad and diverse polyphenol profiles,
which are known to influence antioxidant capacity. Both the unpurified and purified ex-
tracts were obtained from the pomace using two distinct purification strategies: adsorptive
resin-based and gel filtration-based methods. Purification on the gel resin allowed for the
separation of acetone- and methanol-based extract fractions. In total, 32 extracts with high
and varied polyphenol content were tested for their antioxidant properties.
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Given their strong and differentiated antioxidant potential, the resulting extracts
show promise for various industrial applications, particularly in the food, nutraceutical,
and cosmetic sectors. Their use as natural antioxidants may support the development of
clean-label products, contribute to shelf-life extension, or serve as active ingredients in
health-oriented formulations. Future work should focus on the functional performance of
the extracts in real product systems and assess their bioavailability and stability during
processing and storage.

2. Materials and Methods
2.1. Plant Material

The plant material used consisted of four berry fruits from the Rosaceae family:
raspberry (Rubus idaeus L., cultivar ‘Laszka’), blackberry (Rubus fruticosus L., culti-
var ‘Black Satin’), wild strawberry (Fragaria vesca L., cultivar ‘Rugia’), and strawberry
(Fragaria × ananassa Duchesne, cultivar ‘Sibilla’). The fruits were purchased from the
Cajdex wholesale distributor (Łódź, Poland). Until processing, the fruits were stored deep-
frozen at −20 ◦C (±2 ◦C) in tightly sealed polypropylene bags. The fruits were stored for
two days prior to the analysis.

2.2. Pomace Production

Pomace was obtained following the production of unclarified juices and purées, ac-
cording to the method described in detail by Milczarek et al. [18]. Briefly, the fruits were
thawed at 4 ◦C (±1 ◦C) for 24 h and then ground using a Zelmer food grinder (Rzeszów,
Poland). The fruit pulp was incubated with the pectinolytic enzyme Rohapect Classic
(Novozymes, Bagsværd, Denmark) for 1 h at 45 ◦C (±0.2 ◦C), with mixing every 10 min.
The pulp was then divided into two portions. One portion was pressed into juice using
a laboratory hydraulic press (Lodz University of Technology, Łódź, Poland) at a pressure
of 100 bar for 5 min. The second portion was processed into purée using a steel food mill
(Orion, Katowice, Poland). In total, eight different types of pomace were obtained: pomace
from juice production (PJ) and from purée production (PP) from each of the four selected
berry fruits. The resulting pomace samples were used immediately for further extraction.

2.3. Extraction of Crude Extracts

Tannin extraction was carried out according to the method described by Klewicka
et al. [31], involving a two-step acetone extraction supported by shaking.

First, the pomace (approx. 200 g) was frozen in liquid nitrogen and ground using an
IKA Basic cryogenic mill (Staufen, Germany). Each extraction step involved treating the
pomace with a 60% aqueous acetone solution at a ratio of 1:5 (w/v), followed by shaking
on an orbital shaker (Elmi DOS–10L, Aizkraukles, Latvia) for 6 h at 150 rpm at room
temperature. After each step, the pomace was separated from the extract using a cotton
cloth and a cellulose filter membrane (Hobrafilt S40N, Hobra–Školnik S.R.O., Broumov,
Czech Republic). The extracts from both steps were pooled and acetone was removed by
vacuum concentration using a Heidolph Basis Hei–VAP system (Heidolph, Schwabach,
Germany), operating at 450–72 mbar and 60 ◦C (±0.2 ◦C), until the extract reached a
final concentration of 5◦Bx. Approximately 10% of the extract was frozen at –36 ◦C and
lyophilized (Christ Alpha 1–2 LDplus, Osterode am Harz, Germany) for 48 h at 0.22 mbar,
yielding eight crude extracts, labeled as “CEX”.

The remaining liquid extracts were submitted immediately to purification.
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2.4. Extract Purification
2.4.1. Purification Using Amberlite XAD 1600N Adsorbent Resin

The extracts were purified using an Amberlite XAD 1600N (DOW, Midland, MI, USA)
adsorption resin, following the procedure described by Klewicka et al. [31]. A glass column
(4 cm × 10 cm) was filled with the resin, onto which the liquid extract was loaded by gravity.
The column was washed with water and a 10% aqueous ethanol solution (v/v). Polyphenols
were eluted at a flow rate of 5–7 mL/min using a 60% aqueous ethanol solution (v/v).
Ethanol was removed using a Heidolph Basis Hei–VAP system. The resulting extracts were
frozen (–36 ◦C) and lyophilized (Christ Alpha 1–2 LDplus, Osterode am Harz, Germany)
for 48 h at 0.22 mbar, yielding eight purified extracts, labeled as XAD.

2.4.2. Purification via Size-Exclusion Chromatography

Purification by SEC was performed using Toyopearl HW–40F resin (Tosoh Bioscience
GmbH, Griesheim, Germany), according to the method described by Srivastava et al. [32],
with modifications. A Millipore Vantage column (1.6 cm × 50 cm) was packed with the
gel. A 1% aqueous extract (w/v) was loaded onto the column. Washing was performed
with a 30% aqueous methanol solution (v/v). Polyphenols were eluted with 70% aqueous
methanol and 70% aqueous acetone (v/v). To maintain the stability of the polyphenols,
all solvents were acidified with 0.05% formic acid (v/v). Elution was carried out using a
Knauer K–501 pump (Berlin, Germany) at a flow rate of 2 mL/min. Because the analytes
differ in polarity and exhibit residual interactions with Toyopearl HW-40F, we performed
SEC using a step change from 70% methanol to 70% acetone as eluents. Methanol, being
more polar, is effective in eluting lower molecular weight and more polar compounds,
such as anthocyanins and flavanols. Acetone, with its lower polarity and greater elution
strength, facilitates the elution of higher molecular weight, less polar compounds such as
ellagitannins [32]. This process yielded methanolic and acetonic extracts, which were imme-
diately concentrated under a vacuum. After water removal, the extracts were lyophilized,
resulting in a total of 16 extracts: 8 labeled as SEC methanol and 8 labeled as SEC acetone.

2.5. Polyphenol Determination

In the CEX, XAD, and SEC extracts, the content of polyphenolic compounds was
determined, i.e., ellagitannins, anthocyanins, and flavanols. To determine ellagitannins,
anthocyanins, and free epicatechin and catechin, the extracts were dissolved in 50% aqueous
methanol acidified with 0.1% formic acid (v/v/v) (pH 3.40). The solutions were diluted
1:1 (v/v) with the appropriate mobile phase A and then centrifuged using an MPW–260R
centrifuge (Med Instruments, Warsaw, Poland) at 14,000× g.

2.5.1. Ellagitannin Quantification

Quantitative analysis of ellagitannins was performed following the method described
by Sójka et al. [17,33].

High-performance liquid chromatography (HPLC) with diode-array detection (DAD)
was used. The system consisted of a Smartline Knauer HPLC system (Berlin, Germany)
equipped with a PDA 2800 detector. Separation was performed on a Gemini C18 100 Å
column (250 mm × 4.6 mm, 5 µm; Phenomenex, Torrance, CA, USA) at a flow rate of
1.25 mL/min, with a 20 µL injection volume. Separation was carried out in gradient elution
with phase A—0.05% aqueous phosphoric acid solution (v/w) and phase B—83% aqueous
acetonitrile solution in 0.05% phosphoric acid (v/v/w). The proportion of phase B was
as follows: 0–5 min—5%; 5–10 min—5–15%; 10–35 min—15–40%; 35–40 min—40–73%;
40–44 min—73%; 44–46 min—73–5%; 46–54 min—5%. Detection was carried out at 250 nm.
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Ellagitannin concentration was expressed as the sum of individual ellagitannins,
ellagic acid, and its derivatives identified in the extracts. Calibration curves were pre-
pared for ellagic acid (0.5–20 mg/L), lambertianin C (0.5–225 mg/L), sanguiin H-6
(0.5–300 mg/L), and agrimoniin (0.5–100 mg/L) (Table A1). Standards of oligomeric ellag-
itannins (minimum purity 90%)—agrimoniin, lambertianin C, and sanguiin H-6—were
isolated and purified at the Institute of Food Technology and Analysis, Lodz University
of Technology, according to the procedure described by Sójka et al. [17]. The purity of
oligomers was verified by HPLC at 210 nm (based on peak area) (Figure A1). Ellagic acid
standard (≥90% purity) was purchased from Extrasynthese (Genay, France). Data were
collected using ClarityChrom v.3.0.5.505 software (Berlin, Germany).

2.5.2. Determination of Flavanols

Proanthocyanidins were quantified using the phloroglucinolysis method, as described
by Kennedy & Jones [34]. Approximately 40 mg of lyophilized extract was reacted with
0.8 mL of phloroglucinol (75 g/L) and ascorbic acid (15 g/L) solution, along with 0.4 mL of
0.1% hydrochloric acid in anhydrous methanol. The mixture was incubated at 50 ◦C for
30 min using a Thermo-Shaker PHMT PSC24 (Grant Instruments Ltd., Cambridgeshire,
UK). After incubation, the solutions were immediately cooled in an ice bath. The reaction
was stopped by adding 0.6 mL of 40 mM aqueous sodium acetate. The samples were
then centrifuged using an MPW–260R centrifuge (Med Instruments, Warsaw, Poland) at
14,000× g for 15 min. Before HPLC analysis, the samples were diluted 1:1 (v/v) with
40 mM sodium acetate.

Terminal and free catechins, as well as phloroglucinol adducts, were analyzed by
HPLC using a Shimadzu system (Tokyo, Japan) equipped with a fluorescence detector (FD,
Shimadzu RF–10Axl, Kyoto, Japan). The excitation and emission wavelengths were set at
278 nm and 360 nm, respectively. Chromatographic separation was performed at 30 ◦C
using a Gemini C18 110 Å column (250 mm × 4.6 mm, 5 µm; Phenomenex, Torrance, CA,
USA). The injection volume was 20 µL and the flow rate was 1 mL/min. The separation
was carried out in a concentration gradient with the phases: A—2.5% aqueous acetic acid
solution (v/v) and B—80% aqueous acetonitrile solution (v/v). The phase fractions were as
follows: 0–10 min—4–7% B; 10–27 min—7–30% B; 27–29 min—30–70% B; 29–34 min—70%
B; 34–35 min—70–4% B; 35–40 min—4% B.

Standard curves were established using the epicatechin-phloroglucinol adduct and
terminal epicatechin generated through phloroglucinolysis of the procyanidin B2 standard.
The standard was dissolved in anhydrous methanol to obtain a stock solution, which was
then serially diluted to prepare five working standards. These standards were subjected
to the phloroglucinolysis procedure in the same way as the analyzed samples. A minor
modification was introduced into the phloroglucinolysis protocol, consisting of the use of
0.2 mL of a working standard (instead of a sample) and 0.2 mL of hydrochloric acid at a
concentration of 0.2%. When determining the working concentration of the adduct and the
released epicatechin, it was taken into account that one molecule of procyanidin B2 yields
two molecules of epicatechin during phloroglucinolysis. For free catechins, stock solutions
of (+)-catechin and (−)-epicatechin were used to prepare seven working solutions, which
were then subjected to chromatographic analysis.

Catechin-phloroglucinol adducts and terminal catechins were quantified using the
standard curves within a concentration range of 0.8–90 mg/L. To determine the concentra-
tions of free catechin and epicatechin, separate standard curves were constructed over the
ranges of 0.25 to 110 mg/L and 0.25 to 95 mg/L, respectively. The total proanthocyanidin
content was calculated as the sum of the phloroglucinol adducts and the released terminal
units. The procyanidin B2 standard (90% purity) was purchased from Extrasynthese (Genay,
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France), and standards of (+)-catechin and epicatechin (≥98% purity) were obtained from
Sigma Aldrich Chemie (Steinheim, Germany). Data were collected using LabSolutions Lite
v. 5.52 software (Shimadzu Corporation, Kyoto, Japan).

2.5.3. Determination of Anthocyanins

Anthocyanin content was determined according to the method described by Sójka
et al. [17,33]. The same equipment was employed as was used for ellagitannin analysis.
Quantitative determination of anthocyanins was performed using HPLC-DAD. Chromato-
graphic separation was carried out on a Gemini C18 110 Å column (150 mm × 4.6 mm,
5 µm; Phenomenex, Torrance, CA, USA) with gradient elution with phase A—an aqueous
solution of 10% formic acid (v/v), and phase B—comprising acetonitrile, water, and formic
acid in a ratio of 50:40:10 (v/v/v). The share of phase B was as follows: 0–0.6 min—12%;
0.6–16 min—12–30%; 16–20.5 min—30–100%; 20.5–22 min—100%; 22–25 min—100–12%;
25–35 min—12%. Anthocyanin concentration was calculated using a calibration curve
prepared for cyanidin 3-O-glucoside over the range of 1.5–225 mg/L. The standard (≥98%
purity) was obtained from Extrasynthese (Genay, France). Chromatograms were recorded
at 520 nm. Data were collected using ClarityChrom v. 3.0.5.505 software (Berlin, Germany).

2.6. Total Polyphenol Content (TPC)

Total polyphenol content was determined using the Folin–Ciocalteu (FC) spectropho-
tometric method, following the procedure described by Singleton & Rossi [35], with slight
modifications. Water, the extract solution at a concentration of 1 mg/mL (dissolved in
50% methanol), and the FC reagent were added to a 7 mL test tube in a ratio of 38:1:1
(v/v/v). A blank sample without extract was also prepared. The tubes were manually
mixed for 1 min and incubated in the dark for 3 min. Subsequently, 1 mL of 10% aqueous
sodium carbonate solution (v/v) was added. The samples were incubated in the dark for
60 min at 20 ◦C (±1 ◦C), then centrifuged at 14,000× g using an MPW–260R centrifuge
(Med Instruments, Warsaw, Poland). Absorbance was measured at 765 nm using a Rayleigh
VIS–7200 G spectrophotometer (Beijing, China). The results were calculated based on a
calibration curve prepared for gallic acid (37.5–300 mg/L) and expressed as gallic acid
equivalents (GAE) in mg per gram of extract (mg GAE/g).

2.7. Determination of Antioxidant Capacity
2.7.1. Ferric Reducing Antioxidant Power (FRAP)

FRAP was determined according to the method described by Sachett et al. [36], with
modifications. Reagent A was prepared by mixing 0.2 M acetate buffer (pH 3.6), 10 mM
TPTZ in 40 mM hydrochloric acid, and 20 mM ferric chloride in a ratio of 10:1:1 (v/v/v).
The mixture was heated to 37 ◦C (±1 ◦C). To 2.9 mL of reagent A was added 0.1 mL of
extract solution (1 mg/mL in 50% methanol). A control sample containing 0.1 mL of 50%
aqueous methanol instead of the extract was also prepared. The samples were incubated
for 8 min at 20 ◦C (±1 ◦C). Absorbance was measured at 593 nm using a Rayleigh VIS–7200
G spectrophotometer (Beijing, China), with reference to the blank. A calibration curve of
Fe2+ ions was prepared (0–100 µM/L). The results were expressed as µM Fe2+/L.

2.7.2. DPPH Radical Scavenging Activity

The DPPH radical scavenging capacity was assessed using 2,2-diphenyl-1-picrylhydrazyl
dissolved in 96% ethanol, following the procedure described by Sachett et al. [37]. To 3.9 mL
of a 25 mg/L DPPH solution was added 0.1 mL of extract (1 mg/mL in 50% methanol). A
control sample was prepared containing 0.1 mL of 96% ethanol instead of the extract. The
samples were incubated for 30 min at 20 ◦C (±1 ◦C) in the dark. Absorbance was measured
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at 515 nm using a Rayleigh VIS–7200 G spectrophotometer (Beijing, China). The results were
expressed as percentage inhibition (% inh.) of the DPPH radical, according to the formula

%inh. =
Ac − Aa

Ac
× 100 (1)

where Ac is the absorbance of the control and Aa is the absorbance of the sample.

2.8. Statistical Analysis

Statistical analyses were performed using Statistica 12 software (StatSoft, Tulsa, OK,
USA). Duncan’s post hoc tests, Spearman correlation, and ANOVA were used. The effects
of the extract purification level on antioxidant properties were analyzed, along with the
correlations between individual polyphenol concentrations and antioxidant capacity.

3. Results and Discussion
3.1. Extract Characterization

All extracts were analyzed for the presence of ellagitannins, anthocyanins, and fla-
vanols (Figure 1). The crude extracts (CEX) contained 8–19 g/100 g dry weight (d.w.) of
ellagitannins in raspberry and blackberry pomace extracts, and 1.5–3 g/100 g d.w. in the
extracts obtained from strawberry and wild strawberry pomace. The extracts obtained from
the juice-processing residues consistently exhibited higher concentrations of ellagitannins.
The flavanol content varied between 0.9 and 6 g/100 g d.w., with higher levels observed
in extracts derived from strawberry and wild strawberry pomace. The extracts obtained
from pomace after juice production contained 2- to over 3-fold more flavanols compared
to those from purée production. Anthocyanins were also detected in the CEX samples;
in most cases, their concentrations did not exceed 0.5 g/100 g d.w., except in the case of
blackberry pomace extracts, where levels ranged from 1.4 to 2 g/100 g d.w.

Purification of crude extracts using Amberlite XAD 1600N resin with ethanol elution
significantly increased the concentration of polyphenols compared to CEX. In XAD-purified
extracts from raspberry and blackberry pomace, ellagitannin content ranged from 36 to
62 g/100 g d.w., while Fragaria-derived extracts contained 8–12 g/100 g d.w. These val-
ues are slightly lower than those reported by Sójka et al. [38], who obtained 82% ellag-
itannins during the purification of raspberry extract on Amberlite XAD 1600N using
fractionated ethanol elution. No fractionation was applied during the purification pro-
cess. All XAD extracts contained flavanols in the range of 4–19 g/100 g d.w., with higher
concentrations observed in the strawberry and wild strawberry extracts. Anthocyanin
concentrations in the XAD extracts ranged from 1 to 7 g/100 g d.w. for Rubus extracts and
from 0.6 to 2 g/100 g d.w. for Fragaria-derived extracts.

Further purification of XAD extracts using size-exclusion chromatography (Toyopearl
HW-40F) yielded two types of SEC extracts: methanolic and acetonic fractions. The acetonic
SEC extracts showed on average a 1.4-fold increase in ellagitannin content compared to the
XAD extracts. In Rubus-derived acetonic SEC extracts, ellagitannin content ranged from
59 to 75 g/100 g d.w., with lower concentrations observed in the extracts derived from
purée processing pomace. In contrast, Fragaria-derived acetonic SEC extracts contained
three to four times less ellagitannins than those from Rubus. No anthocyanins were detected
in raspberry-derived acetonic SEC extracts, while in other samples anthocyanin content
ranged from 0.1 to 0.5 g/100 g d.w. Flavanols in acetonic SEC extracts ranged from 4 to
9 g/100 g d.w. for Rubus and 6 to 18 g/100 g d.w. for Fragaria extracts.
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Figure 1. Concentrations of ellagitannins, anthocyanins, and flavanols in extracts purified using
different methods: CEX—crude (unpurified) extracts; XAD—extracts purified using adsorption
resin; SEC—extracts purified via size-exclusion chromatography; PJ—pomace from juice production;
PP—pomace from purée production. Values marked with different letters within each polyphenol
group differ significantly at p < 0.05.

Analysis of methanolic SEC extracts revealed that they were rich in both anthocyanins
and flavanols. The highest anthocyanin content was observed in the blackberry extracts,
ranging from 33 to 36 g/100 g d.w. In the raspberry extracts, the anthocyanin content
was more than 3-fold lower. Among Fragaria-derived extracts, the anthocyanin content
varied considerably, from 0.05 to 15 g/100 g d.w. Flavanols in methanolic SEC extracts
ranged from 1 to 7 g/100 g d.w., with the lowest levels observed in wild strawberry extracts.
Ellagitannin content in these extracts ranged from 0 to 1 g/100 g d.w.

Each subsequent purification step resulted in a progressive increase in polyphenol
concentrations. This is because adsorptive resins remove water-soluble impurities such
as sugars and proteins, concentrating the polyphenols. Additionally, size-exclusion chro-
matography further separates polyphenols based on molecular size, allowing for more
precise isolation of specific polyphenol groups. This results in extracts with higher polyphe-
nol purity and content. Compared to the CEX extracts, the total polyphenol content
increased on average by 4.7-fold in the XAD extracts and 6-fold in acetonic SEC extracts.
Cuevas-Rodríguez et al. [30] and Sánchez-Velázquez et al. [8] reported that purification of
Rubus fruit extracts using Amberlite XAD-7 and Sephadex LH-20 resins increased polyphe-
nol concentrations up to 47-fold compared to crude extracts. In the present study, SEC
purification resulted in methanolic and acetonic fractions with distinct contents of tannins
and anthocyanins, in agreement with literature data. Srivastava et al. [32] also demon-
strated that Sephadex LH-20 purification of blackberry extracts rich in polyphenols can
yield separate fractions enriched in ellagitannins and anthocyanins.
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3.2. Antioxidant Properties of Extracts with Different Degrees of Purification

The antioxidant properties of all extracts were evaluated using multiple assays based
on different mechanisms [39]. This comprehensive approach was necessary due to the lack
of a single, universal test capable of accurately assessing the total antioxidant capacity of
a sample.

The total phenolic content (TPC), the percentage of DPPH-radical inhibition, and the
ferric reducing antioxidant power (FRAP) were determined. The TPC results, expressed as
gallic acid equivalents (GAE), revealed that the extracts exhibited high and varied levels
of antioxidant compounds (Figure 2). In crude extracts, TPC ranged from 130 to 282 mg
GAE/g for Rubus-derived extracts and 109 to 201 mg GAE/g for Fragaria-derived extracts.
In XAD-purified extracts, TPC values increased to 387–527 mg GAE/g for Rubus and
349–457 mg GAE/g for Fragaria. The highest TPC levels were observed in acetonic SEC
extracts, with concentrations ranging from 524 to 690 mg GAE/g for Rubus, and 363 to
541 mg GAE/g for Fragaria.

Figure 2. Antioxidant properties of extracts with varying degrees of purification: CEX—crude
(unpurified) extracts; XAD—extracts purified using adsorption resin; SEC—acetone extracts purified
using size-exclusion chromatography; PJ—pomace from juice production; PP—pomace from purée
production. Values marked with different letters show significant differences at p < 0.05 between
extracts with the same degree of purification and the fruits from which they were obtained.

In most of the analyzed cases, regardless of the fruit type or the origin of the pomace,
the total phenolic content increased with the degree of extract purification, which is related
to the removal of other compounds from the extracts. This observation was confirmed by a
two-way ANOVA, which indicated a statistically significant increase in antioxidant capacity
in response to purification level (Figure 3). For instance, the TPC of blackberry extracts
increased progressively from 282 mg GAE/g in CEX, to 523 mg GAE/g in XAD, reaching
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641 mg GAE/g in the SEC extract. In a study by Sánchez-Velázquez et al. [8], analogous
CEX, XAD, and SEC extracts from Rubus spp. berries contained on average 16, 193, and
675 mg GAE/g d.w., respectively. In our study, the TPC in the crude blackberry extract was
18-fold higher than the value reported by Sánchez-Velázquez et al. [8]. This discrepancy
may result from differences in the composition of other compounds (e.g., vitamins, organic
acids, proteins) that may interact with the Folin–Ciocalteu reagent, as well as variations in
extraction procedures. For example, Sánchez-Velázquez et al. [8] used methanolic extraction
and included a defatting step to remove non-polar compounds, which could have lowered
the final TPC value.

Figure 3. ANOVA analysis—effects of purification method and pomace type on the antioxidant
properties of extracts: RPJ—raspberry pomace juice; RPP—raspberry pomace purée; BPJ—blackberry
pomace juice; BPP—blackberry pomace purée; SPJ—strawberry pomace juice; SPP—strawberry
pomace purée; WSPJ—wild strawberry pomace juice; WSPP—wild strawberry pomace purée.
X-axis—standardized antioxidant activity values, Y-axis—extracts with varying purification lev-
els depending on pomace type.

In most cases, extracts derived from Rubus pomace exhibited higher TPC values
compared to those from Fragaria, which is positively correlated with their polyphenol
concentration. An exception was observed in the strawberry extracts, where the total
antioxidant content was comparable to that of raspberry and blackberry extracts, despite
lower polyphenol concentrations determined by HPLC (Figure 1). This phenomenon has
also been reported previously. A likely explanation is that other antioxidant constituents
within the matrix—those not removed or quantified during the analysis—may contribute
to the overall TPC values [40,41].

All tested extracts (at concentrations of 1 mg/mL) showed high DPPH radical scav-
enging activity (Figure 2). Depending on the degree of purification, this activity ranged
from 65% to 90% for Rubus-derived extracts, and from 34% to 95% for Fragaria. Minor but
statistically significant differences in DPPH inhibition were observed across different purifi-
cation levels for Rubus-based extracts. In contrast, for Fragaria the most notable difference
was found between CEX and SEC extracts. For example, crude wild strawberry extract
exhibited only 39% inhibition, while the SEC extract reached nearly 95%.

The purification level also influenced the ability of the extracts to reduce ferric ions
(Fe3+), as measured by the FRAP assay. This trend was particularly evident for Rubus-
derived extracts. In the case of Fragaria, the most substantial increase in FRAP values was
observed between the CEX and XAD extracts. Purification using the Amberlite XAD 1600N
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resin resulted in a 6-fold increase in ferric reducing power. This may be due to the increase
in the overall concentration of polyphenolic compounds in the extracts with a higher
degree of purification, as well as differences in the individual compounds. Across all tested
samples (1 mg/mL), extracts derived from Rubus generally showed higher FRAP values
than those from Fragaria. Among all the samples and purification levels, blackberry pomace
extracts consistently exhibited the highest ferric-reducing ability. Pellegrini et al. [41]
previously reported that blackberry had the highest antioxidant capacity (among blackberry,
raspberry, strawberry, and blueberry) measured via the FRAP method (5.2 mmol Fe2+/100 g
fresh weight).

To assess the impacts of the purification method, type of pomace, and concentration
of specific polyphenol groups on antioxidant properties, a Spearman correlation was per-
formed (Table 1). The analysis showed that the purification method and the concentration
of tannins, mainly ellagitannins, were the key factors significantly influencing the increase
in antioxidant activities. These findings align with the literature, which already indicated
that the enhancement of antioxidant properties correlates with the degree of extract purifi-
cation. An increase in antioxidant capacity measured by the ORAC method was observed
between analogous CEX, XAD, and SEC extracts of Mexican wild berries, in the range of
7–20 times between CEX and XAD extracts, 1- to 2-fold between XAD and SEC extracts, and
11- to 18-fold between CEX and SEC [30]. The literature also suggests that the antioxidant
capacity of Rubus fruits is primarily influenced by tannins rather than anthocyanins [30–32].
These data from the literature are consistent with the results presented in our study.

Table 1. Spearman correlation: influence of individual polyphenol groups, purification method, and
pomace type on antioxidant activity.

Purification Method Pomace Type Ellagitannins Anthocyanins Flavanols

TPC 0.8087 * −0.3033 * 0.8363 * −0.0329 0.5386 *
DPPH 0.5103 * −0.3355 * 0.6609 * 0.2206 0.2665
FRAP 0.7625 * −0.3997 * 0.8734 * −0.0231 0.4653 *

* statistically significant correlation at p < 0.050; n = 24.

3.3. Antioxidant Activity of Acetone and Methanol Extracts After Purification by Size-
Exclusion Chromatography

To compare the influence of specific polyphenol groups on antioxidant properties,
methanol and acetone extracts obtained after purification using SEC were also analyzed
(Figure 4). This comparison is justified because the extracts differed in polyphenol compo-
sition. The acetone extracts were rich in ellagitannins, while the methanol extracts were
abundant in anthocyanins and flavanols.

The TPC values for acetone and methanol extracts from Rubus sources ranged from
523 to 690 mg GAE/g and 437 to 880 mg GAE/g, respectively (Figure 4). For both types of
extracts from Fragaria, the TPC values were lower, ranging from 363 to 541 mg GAE/g and
100 to 603 mg GAE/g, respectively. DPPH radical inhibition for Rubus extracts ranged from
81 to 89% for acetone extracts (rich in ellagitannins) and 41 to 98% for methanol extracts
(rich in other polyphenols). In the case of extracts from Fragaria sources, radical inhibition
was 77–95% for acetone extracts and 12–66% for methanol extracts. In most cases, inhibition
was higher with acetone extracts.

In the FRAP assay, acetone extracts consistently showed greater iron (III) ion re-
ducing capacity than methanol extracts, with the smallest difference observed for black-
berry extracts. Acetone extracts from Rubus and Fragaria showed FRAP values of
398–485 µM Fe2+ and 187–348 µM Fe2+, respectively. Methanol extracts showed FRAP values
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of 104–334 µM Fe2+ and 18.5–165 µM Fe2+, respectively. For acetone and methanol extracts
obtained from blackberry pomace juice, FRAP values were 433 and 334 µM Fe2+, respectively.

Figure 4. Comparison of the antioxidant properties of acetone and methanol extracts obtained after
purification by SEC: PJ—pomace from juice production; PP—pomace from purée production. Results
marked with different letters within the same type of pomace differ significantly at p < 0.05.

For most variants, higher antioxidant capacity values were recorded for acetone ex-
tracts rich in ellagitannins. This is consistent with previous reports, including for blackberry
extracts [8]. Additionally, Spearman correlation analysis (Table 2) showed that ellagitannin
concentration positively correlated with all tested antioxidant capacities. The high contri-
bution of hydrolyzable tannins—and thus their antioxidant role—is primarily due to the
large number of hydroxyl groups in the ellagitannin structure [8,30]. An exception was
blackberry extracts (TPC and DPPH tests), where higher values were found in SEC extracts
rich in anthocyanins and flavanols, highlighting the important role of these polyphenols
in antioxidant activity. This exception to the overall trend may be attributed to the excep-
tionally high concentration of anthocyanins found in the SEC-methanol blackberry extracts
(33–36 g/100 g), as well as to potential co-pigmentation or synergistic effects with flavanols.
However, statistical analysis found no correlation between anthocyanin concentration
and any tested antioxidant capacity. Flavanol concentration positively correlated with
antioxidant levels measured by DPPH and FRAP assays.

Table 2. Spearman correlation: influence of polyphenol groups in SEC-purified extracts on
antioxidant activity.

Type
of Extract Ellagitannins Anthocyanins Flavanols

TPC −0.1422 0.3592 * 0.1774 0.0585
DPPH −0.5821 * 0.5595 * −0.0591 0.3493 *
FRAP −0.5734 * 0.7595 * −0.2622 0.4043 *

* statistically significant correlation at p < 0.050; acetone extracts were coded as 1 and methanol extracts as 2.
Positive correlations therefore indicate that acetone extracts exhibit higher antioxidant activity; n = 16.
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In a study by Srivastava et al. [32], for extracts isolated from three blackberry cultivars
(purified using SEC on Sephadex LH-20: 50% aqueous acetone and 95% aqueous ethanol), the
anthocyanin-rich fraction showed TPC values ranging from 68 to 78 mg GAE/100 mg, while
the ellagitannin-rich fraction exhibited higher values, from 77 to 90 mg GAE/100 mg. In the
same study, ellagitannin-rich fractions demonstrated greater iron (III) reducing capacity, which
aligns with the results presented here. Differences in the reported TPC values may stem from
variations in purification methods, as well as the presence of other compounds in the extracts
that contribute to the overall antioxidant potential measured by the Folin–Ciocalteu reagent [33].

In our study, strawberry extracts showed differences in antioxidant capacity depending
on the types of pomace from which they were isolated. Extracts obtained from pomace after
juice production exhibited significantly higher FRAP and DPPH values compared to those
from pomace after purée production. Differences were also observed between polyphenol
groups isolated from each type of pomace. Acetone and methanol SEC extracts from
juice pomace showed lower antioxidant potential than their counterparts derived from
purée pomace. For example, acetone and methanol extracts from juice pomace inhibited
the DPPH radical at levels of 77% and 14%, respectively, whereas for purée pomace
these values were 88% and 66%. These differences may be attributed to variations in the
polyphenol composition of the extracts, particularly flavanols, of which the concentration
in the methanol fraction from purée pomace was over three times higher than in the extracts
from juice pomace.

4. Conclusions
This is the first study to evaluate the impact of purification methods on antioxidant

properties of extracts obtained from berry pomace produced under different processing
conditions. Purification of extracts with various methods allowed for the production of
extracts with high and diverse polyphenol content, mainly tannins. Analyzing such a wide
range of extracts clearly demonstrated the role of ellagitannins, condensed tannins, and
anthocyanins in antioxidant activity. It was shown that antioxidant capacity increased with
the degree of extract purification. Purifying polyphenol-rich extracts can enhance antioxidant
potential up to 6-fold compared to crude extracts. Analysis of purified extracts rich in tannins
(ellagitannins, procyanidins) and methanol extracts rich in other polyphenols indicated that
ellagitannins are the primary polyphenol group driving increased antioxidant potential.

The results presented here highlight the strong potential for obtaining tannin-rich extracts
from by-products and their further application. Moreover, tailoring antioxidant properties
of extracts enables their use in the food, cosmetics, and pharmaceutical industries. Future
research in food applications should focus on utilizing extracts with high tannin concentrations
and strong antioxidant properties as functional additives in various food products.
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Appendix A

Table A1. Calibration curves.

Standard Calibration Curve R2 Standard Error

Lambertianic C Y = 21.659x − 21,768 0.9999 7.2806
Sanguiin H-6 Y = 26.265x − 3.287 0.9999 5.2067
Agrimoniin Y = 21.910x + 13.179 0.9990 6.8407
Ellagic acid Y = 101.77x − 135.79 0.9994 84.9484

Appendix B

Figure A1. Cont.
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Figure A1. Chromatograms of oligomeric ellagitannins; 210 nm.
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