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Antilisterial activity of tannin
rich preparations isolated from
raspberry (Rubus Idaeus L.) and
strawberry (Fragaria X Ananassa
Duch.) fruit

Michat Séjka’™, Agnieszka Hejduk?, Lidia Piekarska-Radzik?, Sylwia Scieszka?,
Katarzyna Grzelak-Btaszczyk' & Elzbieta Klewicka?™*

The tannin rich preparations isolated from red raspberry (Rubus idaeus L.) and strawberry (Fragaria

x ananassa Duch.) fruits were evaluated for their polyphenol composition and antimicrobial activity
against six strains of Listeria monocytogenes, sourced from the ATCC collection. The preparations
were obtained using solvent extraction with a water-acetone solution, followed by purification

using Amberlite XAD 1600 resin. The resulting products, RTRP (raspberry tannin rich preparation)

and STRP (strawberry tannin rich preparation), were characterized by their content of ellagitannins,
proanthocyanidins, and anthocyanins. Polyphenol content was determined using HPLC-FD and
UHPLC-DAD-MS with QExactive mass spectrometer. The antagonistic activity of the preparations
against Listeria spp. strains was assessed using the disk diffusion method, and minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) values were determined by
dilution techniques. The RTRP and STRP exhibited tannin contents of 74 g/100 g and 47 g/100 g,
respectively. In the raspberry preparation, ellagitannins were dominant, while in the strawberry
preparation, ellagitannins and proanthocyanidins were present at similar levels. In the general
antagonism test at a concentration of 60 mg/mL, inhibition zones for L. monocytogenes ranged

from 10.0 to 24.5 mm. The MIC values for the preparations ranged from 1.563 to 25 mg/mL, varying
depending on the tested strains. Based on MIC and MBC, L. monocytogenes ATCC 19,111 was the most
sensitive to the preparations, whereas ATCC 15,313 exhibited the greatest resistance. Despite their
different tannin profiles, the preparations generally did not show statistically significant differences in
their antilisterial activity. The results indicate that the tannin rich preparations from red raspberry and
strawberry fruits exhibit moderate antilisterial activity, dependent on the sensitivity of the specific L.
monocytogenes strain tested.
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According to various scientific studies, tannins have high antimicrobial potential!. These compounds, which
belong to the polyphenols, can serve as alternatives to food and cosmetic preservatives in line with the “clean label”
concept, which promotes replacing synthetic substances with safe and naturally derived preparations®*. Tannins
are not an alternative to antibiotics, but they can certainly complement them, especially in therapies against
antibiotic-resistant pathogens®. The antimicrobial effect of tannins is based on several complex mechanisms.
Notably, tannins exhibit the ability to chelate metal ions, inhibit cell wall synthesis, obstruct enzymatic activity,
and disrupt fatty acid biosynthesis pathways!. Tannins can be divided into two groups based on their structure
and chemical reactivity: hydrolysable tannins (such as gallotannins and ellagitannins) and condensed tannins
(proanthocyanidins). Besides their antimicrobial properties, these compounds play essential physiological and
biochemical roles in various cell types and plant parts, where they accumulate—such as in fruits, leaves, seeds,
and roots™®. Tannin compounds isolated from raspberry and strawberry fruits include ellagitannins, with the
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most abundant being sanguiin H-6, lambertianin C, and agrimoniin”®. In the case of condensed tannins, they
primarily consist of procyanidins, exhibiting an average degree of polymerization of 2.1 for raspberries and 5.4
for strawberries®1°.

Research conducted by Puupponen-Pimii et al.!1? indicates that tannins selectively inhibit the growth of
pathogenic bacteria, including Salmonella spp., Staphylococcus spp., and Escherichia coli. Additionally, several
studies have demonstrated the antimicrobial activity of tannins against Listeria spp. Ellagitannins found in
pomegranate have been extensively investigated in this context. For example, research by Gullon et al.!® reported
significant antimicrobial activity of pomegranate extract against Listeria spp. - with punicalagin, a monomeric
ellagitannin, identified as the primary polyphenolic compound. Other studies have revealed that the ellagitannin-
rich fraction obtained from pomegranate had an MIC value of 5 mg/mL against L. monocytogenes, and at a dose
of 2.5 mg/mL, it significantly reduced the transcription levels of selected virulence genes by over 17 times (prfA,
inlA, hly)'*. High activity against L. monocytogenes has also been observed with polyphenol extracts derived
from raspberry pomace, which demonstrated an MIC value ranging from 0.39 to 0.59 mg/mL'°. Conversely,
the study by Mari¢ et al.!® indicated that polyphenol extracts from raspberry seeds showed limited inhibitory
effects on the growth of L. monocytogenes. It is important to note that the data available in the literature presents
ambiguous findings regarding the antimicrobial activity of tannins, with the MIC values obtained for the tested
preparations ranging from 0.1 to 100 mg/mL. Another significant concern is that many studies are based on a
single strain of the microorganism. Experiments conducted by Balgacem et al.'” suggest that the sensitivity of L.
monocytogenes to polyphenol preparations depends on the strain, and most studies on the antimicrobial activity
of polyphenol preparations are performed for single strains of a given microorganism. Therefore, the aim of
this study was to evaluate the antimicrobial activity of tannin rich preparations containing both ellagitannins
and proanthocyanidins isolated from raspberry (Rubus idaeus L.) and strawberry (Fragaria x ananasa Duch.),
against L. monocytogenes. As part of the research, preparations with a high tannin content will be obtained,
particularly rich in dimeric sanguiin H-6 and agrimoniin, trimeric lambertianin C, and proanthocyanidins with
a relatively low degree of polymerization. The obtained preparations will be fully characterized qualitatively
and quantitatively for the main polyphenolic groups using LC-MS techniques with a QExactive Orbitrap mass
detector. Preparations containing these compounds, isolated from raspberries and strawberries, have so far been
tested on only a few bacterial and fungal strains. The novelty of the research will be microbiological analyses,
including studies of antilisterial activity against six strains of L. monocytogenes from ATCC collection, selected
based on their importance for food safety and microorganism identification. The strains used in the studies
come from both humans and animals and include hemolytic and non-hemolytic variants.

Materials and methods

Plant material

Preparations rich in tannins were produced following the method described in a previous publication!®. For this
study, deep-frozen red raspberry fruits (5 kg) and strawberries (7.5 kg) were utilised, sourced from Cajdex (L6dz,
Poland). The raspberries (Rubus idaeus L.) were whole fruits originating from Morocco, while the strawberries
(Fragaria x ananassa Duch.) were whole fruits sourced from Egypt. The fruits were stored in polyethylene bags
by the distributor at a temperature of -18 °C before extraction.

Tannin extraction

For the extraction of tannins, the fruit pomace remaining after juice extraction was utilised. This stage is
essential due to the removal of a significant amount of anthocyanin compounds and a higher concentration
of saccharides from the fruits. Previous studies have shown that a substantial portion of tannins is located in
insoluble components of the fruits, such as the skin and seeds, and does not transfer to the juice'.

Before processing, the fruit was thawed at 4 °C for 16 h and subsequently subjected to technological
processing to obtain juice and pomace'®. The pomace generated from this process constituted 9% of the weight
of the processed fruit. This pomace was served as the starting raw material for the extraction of tannins in the
next stage. Extraction was carried out using a solution containing acetone, water and formic acid in a volume
ratio of 60:40:0.05 (v/v/v). The solvent-to-pomace ratio was 5:1 (v/m). A total of 432 g of raspberry pomace and
672 g of strawberry pomace were used for extraction, which was carried out in three stages in PE containers
(extraction cells). In each stage, extraction was performed for 8 h dynamically and 16 h statically. Dynamic
extraction involved shaking the cells using an Elmi DOS-10 L orbital shaker (Aizkraukles, Riga, Lithuania) at
a speed of 160 rpm. After completing the static extraction, the extracts were filtered through cotton fabric and
stored in PE containers at -18 °C. The extraction residue was subjected to further extraction following the same
procedure (second and third stages), with the volume of extractant used in each subsequent stage equal to the
volume obtained in the preceding stage. The extracts obtained from the three stages were combined to yield 9230
mL of strawberry extract and 5820 mL of raspberry extract. To eliminate any remaining insoluble components of
the pomace, the extracts were filtered through a Hobrafilt S40N cellulose filter (Hobra-Skolnik S.R.O., Broumoyv,
Czech Republic). In the subsequent step, acetone was removed from the filtered extracts using a laboratory
Heidolph rotary evaporator (Schwabach, Germany). After the removal of acetone, 1650 mL of raw raspberry
pomace extract and 2400 mL of raw strawberry pomace extract were obtained. The crude tannin extracts were
then subjected to a purification process.

Tannin purification

The purification of tannins was carried out using low-pressure column chromatography with Amberlite
XAD 1600 N (DOW, Midland, USA) sorbent following the methodology described by Klewicka et al.!%. The
purification process used a column measuring 90 cm x 1.6 cm with the sorbent. During the elution of tannin
compounds, water-ethanol solutions were employed, with the alcohol concentration increased from 0 to 60%.
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After the ethanol was removed from the eluates using a laboratory rotary evaporator, the resulting liquid extracts
were stored at -60 °C and subjected to freeze-drying under the following conditions: 48 h, 0.2 mbar, -36 °C.
In this way, pure, dry preparations rich in tannins, approximately 7 g from raspberries (designated as RTRP -
raspberry tannin rich preparation) and approximately 3.5 g from strawberries (designated as STRP - strawberry
tannin rich preparation) were obtained. RTRP and STRP were subsequently characterized in terms of their
polyphenolic composition and antilisterial activity.

Qualitative and quantitative analysis of hydrolysable tannins (ellagitannins)

The identification and quantification of ellagitannins in RTRP and STRP were performed using a UHPLC
Ultimate 3000 chromatographic system (Thermo Fisher Scientific, Germering, Germany) equipped with a DAD
detector and a QExactive Orbitrap mass detector. Samples for analysis were prepared by dissolving 6 mg of STRP
and 3 mg of RTRP in 5 mL of a solution containing 50% methanol and 0.01% formic acid. These solutions were
then diluted 1:1 (v/v) with mobile phase A, centrifuged (5 min, 12000 x g), and injected into the chromatographic
column. The separation of ellagitannins was carried out using a Luna Omega 1.6 um C18 100A column with
dimensions of 150 x2.1 mm (Pehnomenex, Torrance, CA, USA). Phase A consisted of 0.5% (v/v) formic acid
in water, while phase B was a mixture of acetonitrile, methanol, water, formic acid in a specific volumetric ratio
of (63:20:16.5:0.5 v/v/v/v). The following gradient was applied: 0-2 min, 5% B; 2-12 min, 5-28% B; 12-20 min,
28-73% B; 20-25 min, 73% B; 25-27 min, 73-5% B; 27-35 min, 5% B. The column temperature was maintained
at 40 °C, the flow rate was set to 0.4 mL/min, and the injection volume was 5 uL. The parameters for the mass
detector were as follows: negative ionization mode, the evaporator temperature was set to 400 °C, electrospray
voltage of 4 kV and a spray capillary temperature of 380 °C. Nitrogen drying and auxiliary gas flow rates of 60
and 15 units, respectively. Data were collected in the range of 150-2000 m/z in Full MS and data-dependent
MS? modes. Detector optimization was performed by direct injection of RTRP or STRP, which were dissolved
in a mixture of mobile phases at a volumetric ratio of phases A and B of 80:20 (v/v), delivered at a flow rate
of 0.25 mL/min. UV-Vis detection was carried out in the range of 200-600 nm, with a wavelength of 250 nm
selected for quantitative analysis of ellagitannins. The analysis of the identified ellagitannins content was based
on standard curves derived from available standards, i.e., sanguiin H-6, lambertianin C, and agrimoniin with
HPLC purity (at 210 nm) of approximately 90%, as obtained according to methods described in a previous
study'®. Additionally, a standard curve for ellagic acid purchased from Extrasynthese (Genay, France) was also
used in the studies.

Analysis of the content of condensed tannins (proanthocyanidins) and free catechins

The content of proanthocyanidins was determined using the method described by Sé6jka et al.?’. Briefly, 20 mg
of the preparation was weighed into 2 mL plastic test tubes, followed by the addition of 800 uL of a methanol
solution containing phloroglucinol (75 g/L) and ascorbic acid (15 g/L), along with 400 uL of 0.4 M HCl dissolved
in methanol. The phloroglucinolysis reaction was conducted at 50 °C for 30 min. The sample was then cooled
in an ice bath, and 600 pL of 40 mM sodium acetate dissolved in water was added. Prior to chromatographic
analysis, the samples were centrifuged at 12,000 x g. Free catechins were determined from solutions prepared by
dissolving 5 mg of the sample in 2 mL of a solution containing 50% methanol and 0.01% formic acid, which was
further diluted 1:1 (v/v) with mobile phase A and centrifuged at 12,000 x g. The separation of phloroglucinolysis
products, including catechin adducts with phloroglucinol, released catechins, and free catechins, was performed
using a Shimadzu chromatograph (Tokyo, Japan), equipped with an LC-20AD pump, SIL-20ASHT autosampler,
CTO-10ASVP thermostat, and RF-10AXL detector. A Gemini 5u C18 110 A column (Phenomenex, Torrance,
USA) with dimensions of 250 mm x 4.6 mm and a 5 um particle size was used. Mobile phase A consisted of 2.5%
acetic acid in water, while mobile phase B was 80% acetonitrile in water. The column temperature was maintained
at 30 °C, and the flow rate was 1 mL/min. The following gradient was applied: 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. Injection volumes
were 10 pL for phloroglucinolysis products and 20 uL for free catechins. Data were collected using LabSolutions
software (Shimadzu, Tokyo, Japan). Individual compounds were identified by comparing retention times with
standard substances: (-)-epicatechin, (+)-catechin, (-)-epicatechin-phloroglucinol, (+)-catechin-phloroglucinol,
and UV-Vis spectra. Quantification was performed for chromatograms (included in the supplementary
materials) recorded by an FD detector with an excitation wavelength of 278 nm and an emission wavelength of
360 nm. Calculations were made based on standard curves for the adduct: (-)-epicatechin-phloroglucinol and
terminal (-)-epicatechin obtained as a result of the phloroglucinolysis reaction of the procyanidin B2 standard
(Extrasynthese, Genay, France). The total proanthocyanidin content was calculated as the sum of the formed
adducts and the released terminal units. The average degree of polymerization of proanthocyanidins (mDP) was
calculated by dividing the number of moles of all flavan-3-ols (phloroglucinol adducts + terminal catechins) by
the number of moles of terminal catechins (sum of released (+)-catechin and (-)-epicatechin). Free catechins
were determined on the basis of standard curves determined for (-)-epicatechin and (+)-catechin (Sigma-
Aldrich, Steinheim, Germany).

Qualitative and quantitative analysis of anthocyanins

The same chromatographic system used for ellagitannin analysis was applied to identify and quantify
anthocyanins in RTRP and STRP. Samples were prepared by dissolving 10 mg of the STRP and 15 mg of the
RTRP in 2 mL of a solution containing 50% methanol and 0.01% formic acid solution. After diluting 1:1 (v/v)
with mobile phase A, the solutions were centrifuged (5 min, 12,000 x g) and injected into the chromatographic
column. Anthocyanin separation was performed using a Gemini-XN 3 um C18 110A column with dimensions
of 150 x 4.6 mm (Pehnomenex, Torrance, CA, USA)3. Phase A was 1% (v/v) formic acid in water, and phase
B was 1% (v/v) formic acid in methanol. The following gradient was used: 0-30 min, 20-65% B; 30-31 min,
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65-100% B; 31-33 min, 100% B; 33-34 min, 100-20% B; 34-45 min, 20% B. The column was maintained at
35 °C, the flow rate was 0.5 mL/min, and injection volume of 10 pL. The mass detector parameters were as
follows: positive ionization mode, vaporizer temperature 400 °C, electrospray voltage 3.8 kV, spray capillary
temperature 380 °C; drying and auxiliary nitrogen flow 60 and 15 units, respectively. Data were collected in the
range of 250-1000 m/z in FullMS and data dependent MS2 mode. Optimization of the detector operation was
performed by direct injection of a solution from the RTRP or STRP diluted in the mixture of mobile phases in
a volume ratio phases A and B equal to 80:20 (v/v) and injected at a flow of 0.25 mL/min. The DAD detector
operated between 200 and 600 nm, using 520 nm for quantitative analysis. Anthocyanin was determined using
standard curve for cyanidin-3-glucoside purchased from Extrasynthese (Genay, France).

Microbial material
The antagonistic activity of the RTRP and STRP was tested against six Listeria monocytogenes strains from
the ATCC collection, marked with the following numbers: 19,115, 19,112, 35,152, 7644, 15,313, and 19,111.
These strains were purchased from Microbiologics” (St. Cloud, Minnesota, USA) and cultured on Nutrient Agar
(Merck, Germany).

Antilisterial activity and minimal inhibitory concentration (MIC)

The determination of the antagonistic activity of tannins against L. monocytogenes was performed according to
the EUCAST guidelines?! with modifications as described. To evaluate the antimicrobial properties of RTRP
and STRP against Listeria spp. biomass from a 24-hour culture was collected using a sterile loop and added
to a sterile physiological saline solution to obtain a turbidity corresponding to 1 on the McFarland scale. This
suspension was spread onto Muller-Hinton Agar (Merck, Germany) using sterile swabs. Sterile clean paper discs
with a diameter of 5 mm (Oxoid Ltd., Basingstoke, UK) were placed on the prepared plates. Then, 20 uL of RTRP
and STRP extract solutions prepared earlier by dissolving lyophilized preparations in 5% [v/v] DMSO (Sigma-
Aldrich) at a concentration of 60 mg/mL were applied to the discs. After incubating at 37 °C for 18-24 h, the
inhibition zones of the test strains were measured in mm. The experiment was performed in triplicate.

To determine the MIC values for the tested preparations, sterile paper discs with a diameter of 5 mm (Oxoid
Ltd., Basingstoke, UK) were carefully placed on solidified agar plates. Subsequently, 20 uL of appropriately
diluted RTRP and STRP extracts (prepared by dissolving lyophilized preparations in 5% [v/v] dimethyl
sulfoxide (DMSO) from Sigma-Aldrich) were applied to the discs. The concentration range of the preparations
was 100-0.7815 mg/mL. As a negative control, 5% DMSO was used, while positive controls consisted of discs
with the antibiotic chloramphenicol (30 pg/disc, Sigma-Aldrich). The plates were then incubated at 37 °C for
18-24 h. After incubation, the growth inhibition zones of Listeria spp. were measured. The MIC represents the
lowest concentration within the range of 100-0.7815 mg/mL at which growth inhibition of the bacteria was still
observed.

Antilisterial activity — minimal bactericidal concentration (MBC)

To determine the MBC values of the tested preparations, cultures of the tested bacterial strains were prepared in
Nutrient Broth (Merck, Germany) with the addition of raspberry and strawberry extracts. For this purpose, 200
uL of medium containing the extracts was added to the wells in a 96-well polystyrene plate (the concentration of
preparations in the medium was selected based on the MIC value - for each strain, a medium with the addition
of preparations at a concentration of MIC and 2MIC was prepared). The wells were then inoculated with a
bacterial suspension prepared according to the methodology described above (MIC section). The plates were
incubated for 24 h at 37 °C. After incubation, bacterial growth was assessed using the drop plate method, as
described by Naghili et al.? with slight modifications. The MBC represents the lowest concentration at which a
99.9% reduction in biomass multiplication was observed. The number of bacteria was determined according to
formula (1).

Determination of bacterial count

The bacterial count was performed using the drop plate method according to Naghili et al.** with modifications.
From the prepared tenfold dilutions of the inoculum, 10 pL was taken and surface-seeded onto Nutrient Agar
(Merck, Germany) - 5 drops, which corresponds to 50 pL of the culture. After the drops dried, the plates were
incubated for 48 h at 37 °C. Following incubation, the number of colony-forming units (CFUs) in each drop was
counted, and the average value was calculated. The bacterial count was determined using the following formula:

122

(1)

CFU/mIL = (Average CFU) -R)

Vd'rop (mL)

In the case of determining growth or death curves for calculating the bacterial count of Listeria spp., the following
formula was used:

)

Logio (CFU/mL) = Logi KAvemgeCFU> ,R}

Viarop (mL)

where:

Average CFU - the average number of colony-forming units in one drop.
Verop - the volume of one drop (0.01 mL).
R - the sample dilution factor.

Scientific Reports |

(2025) 15:10196 | https://doi.org/10.1038/541598-025-94731-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Growth and/or death curves

To determine the growth and/or death curves of Listeria bacteria, cultures were prepared with the addition of
RTRP and STRP at MIC and 2MIC concentrations. Sterile Nutrient Broth (Merck, Germany) was used, and the
preparations were added to achieve the final concentrations corresponding to MIC and 2MIC values for each
tested strain. Subsequently, these prepared cultures were inoculated with a bacterial suspension following the
methodology described above (MIC section). L. monocytogenes were introduced into the samples so that the
initial density was approximately 8-9 logarithmic units. In this case, the bacterial suspension was standardized on
the McFarland scale to a value of 5. The control group consisted of cultures without the addition of preparations.
The incubation was conducted at 37 °C for 6 h, and samples were collected at 0, 2, 4, and 6 h using the drop plate
method described in the previous point?2. After 48 h of incubation at 37 °C, the average number of CFUs was
counted. The biomass multiplication was calculated according to the formula (3), and the results were presented
as ALogl0 (CFU/mL).

ALogio (CFU/mL) = Logio (CFU/mL); — Logio (CFU/mL), (3)

where:
T - cultivation time in hours.
TO - start time of cultivation in hours.

Statistics
The results were analyzed using the Statistica 12 software (StatSoft, Tulsa, USA). In the study, one-way ANOVA
and Duncan’s post-hoc tests were employed.

Results

Characteristics of Ellagitannin preparations - efficiency, appearance

The extraction and purification process of the studied fruits resulted in two preparations rich in tannins. From
raspberries, an RTRP was produced in a quantity of 7 g. Considering the amount of raspberries used, the
production efficiency of RTRP was 1.4 g/kg of fruit. From strawberries, an STRP was obtained yielding 3.5 g,
which corresponds to an efficiency of 0.46 g/kg of fruit. The production efficiencies of RTRP and STRP, calculated
based on the fresh pomace mass, were 16.4 g/kg and 5.2 g/kg, respectively. These calculations assumed that the
pomace constituted 9% of the mass of fruit intended to produce the mentioned preparations. The juice removed
during fruit processing was discarded due to its low ellagitannin content. This indicates that in technological
practice, polyphenol preparations can be obtained from pomace, which is waste material after juice production.
The purified extracts were preserved through freeze-drying, resulting in powdered preparations with a pink
color (RTRP) and a red color (STRP) Fig. 1.

Polyphenol composition of RTRP and STRP - identification

Table 1 presents the identification of ellagitannin compounds found in the RTRP. The identification process was
conducted using available standards, recorded UV-Vis and MS spectra, as well as relevant literature. LC-MS
analysis revealed the presence of 12 ellagitannins and ellagic acid. Peaks 1 and 2 corresponded to the compounds

Fig. 1. Polyphenolic preparations rich in tannins obtained from raspberries RTRP (left side) and strawberries
STRP (right side).
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RT Detected | Z Sum
Pn | [min] | Tentative identification | (m/z) [M-H]*" | MS/MS fragment ions m/z formula Appm | Ref.
1 7.07 933.06499 1 | 631 ([M - H]” - HHDP), 301 (ellagic acid) C41H26026 1.7 b, e
Bis-HHDP-glucose _ . . b, d,
2| 774 | (pedunculagincasuariiny | 73306898 1 | 481 ([M - H]~ - HHDP), 301 (ellagic acid) CuH0, | 11 | ¢
. 1235 ([M - H]™ - HHDP-glu); 935 ([M-H]~ -bis-HHDP-glu); 783 (bis- b, f,
3 | 932 | SH-6-galloyl moiety 858.06727 2 | HHDP-glu); 633(HHDP-glu-galloyl); 481 (HHDP-glu); 301 (cllagic acid) | CrstsoQas | 18 {37y
b, c
1235 ([M - H]~ - galloyl-glu); 933 ([M - H]~ - HHDP-glu-galloyl); 633 > 2
4 942 783.06903 2 (HHDP-glu-galloyl); 331 (galloyl-glucose); 301 (ellagic acid) CosHisOus 12 ;i’kf’
1868 ([M - H]~ - HHDP-glu-galloyl); 1567 ([M - H]~ - bis-HHDP-glu- h
5 9.98 | LC-HHDP moiety 1250.10498 2 | galloyl) ; 1235 [([M - H]" - galloyl-bis-HHDP-glu-galloyl); 933 (galloyl-bis- | C, ;H,,0,, 1.0 ; ’k
HHDP-glu) ; 633 (HHDP-glu-galloyl); 301 (ellagic acid) >
. 1235 ([M - H]~ - HHDP-glu); 935 ([M-H]" -bis-HHDP-glu); 783 (bis- b, f,
6 | 10.18 | SH-6-galloyl moiety 858.06748 2 | HHDP-glu); 633(HHDP-glu-galloyl); 481 (HHDP-glu); 301 (cllagicacid) | Crsts0%s | 20 [y
, , _ b
1265 ([M - H]~ - HHDP); 1103 ([M - H]~ - HHDP-glu); 933 ([M - H]" - 20,
7 11.70 783.06805 2 HHDP-glu-galloyl); 633 (HHDP-glu-galloyl) ; 301 (ellagic acid) CosM4sOsa -01 E’ 1d’k
a, b,
1567 ((M - H]~ - HHDP) ; 1235 ([M - H]~ - HHDP-glu-galloyl); 935 ([M - ¢ d,
§ |1212 93407237 2 | H- - bis-HHDP-glu-galloyl); 633 (HHDP-glu-galloy); 301 (ellagic acid) | S50 | 12 | o¢
i,k
1867 ([M - H]™ - bis-HHDP-glu-galloyl-bis-HHDP-glu-galloyl); 1567
([M - H]~ - bis-HHDP-glu-galloyl-bis-HHDP-glu-galloyl-HHDP; 1235
o | 1255 1245.09252 3 | (bis-HHDP-glu-galloyl-HHDP); 935 (bis-HHDP-glu-gailoyl); 633 (HHDP- | C,(,H,, Oy, | 0.1 | ek
1018.57765 2 | glu-galloyl); 301 (ellagic acid) 5oH 55057 0.6 ij
1235; 935 (bis-HHDP-glucose galloyl); 633 (HHDP-glu-galloyl); 301 (ellagic
acid)
1869 ([M - H]" - bis-HHDP-glu-galloyl); 1567 ([M - H]" - bis-HHDP- 4
glu-galloyl-HHDP) ; 1235 ([M - H]~ - bis-HHDP-glu-galloyl- HHDP-glu- B >
10} 1271 1401.10377 2 galloyl); 935 ([M - H]~ - bis-HHDP-glu-galloyl); 633 (HHDP-glu-galloyl); CiasHsOr 22 & {;
301 (ellagic acid) &
a, b,
1567 ([M - H]~ - HHDP); 1235 ([M - H]~ - HHDP-glu-galloyl) ; 935 ([M - o d,
11315 93407247 2 | HJ" - bis-HHDP-glu-galloyl); 633 (HHDP-glu-galloyD); 301 (ellagic acid) | CeelsiOn | 13 [ ¢
gk
12 |15.05 300.99915 1]- ¢, HoO, 24 |¢ ?’

Table 1. Ellagitannin identification in the RTRP obtained from raspberry fruit (Rubus Idaeus L.) Pn peak
number, RT retention time, HHDP hexahydroxydiphenic acid , glu glucose , a — Kool et al.*, b - Lee et
al?’, ¢ - Kula et al.*!, d - Kdhkénen et al.?, e — Hager et al.*2, f - McDougall et al.>%, g - Arapitsas et al.>*, h -
Gasperotti et al.8, i — Gasperotti et al.”, j — Karlifiska et al.>, k - Chen et al..

with the lowest molecular weight, with pseudomolecular ions observed at m/z 933 and m/z 783, respectively.
These compounds were identified as castalagin and pedunculagin/casuariin. The remaining compounds, with
the exception of ellagic acid, exhibited masses exceeding 1568 Da, and the signals from the molecular ions
recorded in the MS spectra indicated a charge of z=2. The preparation also contained two isomers of sanguiin
H-10 (peaks 4 and 7) and two derivatives of sanguiin H-6 that lacked gallic acid residues (peaks 3 and 6). Peak
no. 5 was identified as lambertianin C without the HHDP acid residue; the MS spectrum of this component was
characterized by the presence of a doubly charged pseudomolecular ion m/z=1250. Additionally, the RTRP was
also characterized by the presence of sanguiin H-6 (peak 11) and its isomer (peak 8), with the MS spectra of
these compounds displaying doubly charged molecular ions at m/z =934 and exhibiting identical fragmentation
patterns. Lambertianin C (peak 10) and lambertianin D (peak 9) were identified as the compounds with the
highest molecular weights present in the RTRP, with their pseudomolecular ions yielding signals at m/z 1401 z=2
and m/z=1245 z=3, respectively. Notably, lambertianin D coeluted with a compound that produced a doubly
charged molecular ion at m/z=1018, suggesting the presence of an ellagitannin characteristic of strawberry i.e.
fragarin A. The presence of ellagic acid, sanguiin H-6 and lambertianin C was also confirmed based on existing
standards.

Table 2 presents the identification of ellagitannins characterizing the STRP preparation. Similarly to the
RTRP, the STRP contained 12 ellagitannins. The compounds exhibiting the lowest molecular weights were two
components, specifically peaks 1 and 3, which were identified as pedunculagin and casuarictin, corresponding to
molecular ions at m/z =783 and m/z = 935, respectively. Similar to the findings related to raspberry, the remaining
compounds in the MS spectra were detected as doubly charged ions (z=2). Both lambertianin C and sanguiin
H-6 derivatives were identified within preparation. Peak 4, which generated a molecular ion at m/z=934 z=2,
was identified as an isomer of sanguiin H-6. The retention time of this compound was notably close to that of
the standard differing by only 0.2 min; however, this does not definitively confirm its identity as sanguiin H-6.
The molecular ion of peak 5 gave a signal of m/z=1018 z=2 and was identified as fragarin A. Peaks number 6, 7,
and 9 were identified as derivatives of lambertianin C, with the first two generated signal at m/z=1250 and z=2,
which was identified as lambertianin C lacking the HHDP acid residue. Compound number 9 was identified as
an isomer of lambertianin C - the pseudomolecular ion and fragmentation were similar to those of lambertianin
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RT Tentative Detected z Sum
Pn | [min] | identification | (m/z), [M-H]*" | MS/MS fragment ions m/z formula Appm | Ref.
Bis-HHDP- a,b,
1 7.83 | glucose 783.06989 1 | 481 ([M - H]~ - HHDP); 301 (ellagic acid) C,H,,0,, |23 c,
(pedunculagin) e f
Castalagin- L
2 |1075 |00 tgpe 933.06561 2 | 1689; 1085; 933; 631; 451; 301 (ellagic acid) Cy,H,,0,, |24
Bis-HHDP- a,b,
3 12.58 | glucose-galloyl 935.08032 1 | 633 ([M - H]” - HHDP); 301 (ellagic acid) C, Hy 0, | 14 o f
(casuarictin) g i
Sanguiin H-6 1567 ([M - H]~ - HHDP); 1235(|M - H]~ - HHDP-glu-galloyl); 935 ([M - H]~ - bis-
4 13.02 isomer 934.07190 2 HHDP-glu-galloyl); 633 (HHDP-glu-galloyl); 301 (ellagic acid) CeoH5 05, |07 &€
.. 1567; 1059; 935 (bis-HHDP-glu-galloyl); 783 (bis-HHDP-glucose); 633 (HHDP-glu-
5 13.49 | Fragariin A 1018.07624 2 galloyl); 301 (ellagic acid) C89H58057 2.0 d, e
LC - HHDP 1869 ([M - H]~ - HHDP-glu-galloyl); 1567 ([M - H]~ - bis-HHDP-glu-galloyl); 1085 ([M a
6 |13.69 moiet 1250.60636 2 | - H]™ - bis-HHDP-glu-galloyl- HHDP-glu) 935 (bis-HHDP-glu-galloyl); 783 (bis-HHDP- Ci0ot;,05, | 0.7 b, e
Y glu); 633 (HHDP-glu-galloyl); 481 (HHDP-glu); 301 (ellagic acid) ’
LC - HHDP 1869 ([M - H]~ - HHDP-glu-galloyl); 1567 ([M - H]~ - bis-HHDP-glu-galloyl); 1085 ([M a
moiet 1250.60693 20" H]"~ - bis-HHDP-glu-galloyl-HHDP-glu) 935 (bis-HHDP-glu-galloyl); 783 (bis-HHDP- C H.O. oo b’ R
71456 | et oattic | 100957288 5 | glw); 633 (HHDP-glu-galloyl); 481 (HHDP-glu); 301 (ellagic acid) ol I e
moiet g - 1085 ([M - H]~ - bis-HHDP-glu-galloyl); 935 (bis-HHDP-glu-galloyl); 783 (bis-HHDP- 89775656 . > h’
Y glu); 633 (HHDP-glu-galloyl); 451 (HHDP-galloyl); 301 (ellagic acid) &
1567 ([M - H]~ - HHDP); 1265 ([M - H]~ - HHDP, HHDP); 1085 ([M - H]~ - bis-HHDP- a
8 14.65 | Agrimoniin 934.07299 2 | glu); 935 ([M - H]~ - bis-HHDP-glu-galloyl); 783 (bis-HHDP-glu); 633 (HHDP-glu- Ce,H;, 04, | 1.9 d, e,
galloyl); 301 (ellagic acid) fg
1869 ([M - H]~ - bis-HHDP-glu-galloyl); 1567 ([M - H]~ - bis-HHDP-glu-galloyl-HHDP);
1235 ([M - H]™ - bis-HHDP-glu-galloyl-HHDP-glu-galloyl); 1085 (galloyl-bis-HHDP-glu- a,
9 | 1507 |LCtypeET | 140110791 2 | galloyl); 935 (bis-HHDP-glu-galloyl; 783 (bis-HHDP-glu); 633 (HHDP-glu-galloyl); 481 | C1zsHsaOr [08 [ ¢
(HHDP-glu); 301 (ellagic acid)
SH-6+ gallic 1567 ([M - H]~ - HHDP-galloyl); 1235 ([M - H]" - bis-HHDP-glu); 1085 (([M - H]~ -bis-
moiet § 1009.57294 5 HHDP-glu-galloyl); 935 (bis-HHDP-glu-galloyl); 783 (bis-HHDP-glu) 633 (HHDP-glu- C.HO 26 ae
10 | 15.75 Castal); in 933.06547 3 galloyl); 451 (HHDP-galloyl); 301 (ellagic acid) HO” |22 b
dimer tg ¢ ET . 1085 ([M - H]~ - bis-HHDP-glu); 933 (castalagin); 783 (bis-HHDP-glu); 631 (castalagin — 827752752 ' &
P HHDP) ; 451 (HHDP-galloyl); 301 (ellagic acid)

Table 2. Ellagitannin identification in the STRP obtained from strawberry fruit (Fragaria X Ananassa Duch.)
Pn - peak number; RT - retention time; HHDP - hexahydroxydiphenic acid ; glu - glucose; a — Gasperotti et
al.%, b - Macierzynski et al.*”’, c - Enomoto®3, d - Karlifiska et al.>%, e - Karlund el al®®, f - Nowicka et al.%, g -
Abby et al.%!, h - Duckstein et al.?, i - Barbera et al.¥’.

C, but the retention time did not match the standard for this compound. In the case of peak 7, coelution was
observed; in addition to the lambertianin C derivative, an additional ion m/z=1009 z=2 was detected, which
indicates the presence of the sanguiin H-6 derivative with an attached gallic acid residue. A compound of the
same mass was also observed in peak 10. The main ellagitannin compound characteristic of the preparation
obtained from strawberry fruit was peak 8, identified as agrimoniin (m/z=934, z=2); the presence of this
component was confirmed by comparing the retention time and spectra with the existing agrimoniin standard.
The tested STRP was also characterized by the presence of two compounds that gave a pseudomolecular ion
m/z=933 z=2 (peaks 2 and 10), which indicates the presence of a dimeric derivative of castalagin - however,
this was not confirmed in the literature. The identification of these compounds was challenging because they are
characterized by relatively low concentration and poor ionization ability.

Table 3 presents the identification of anthocyanin compounds responsible for the red color in RTRP and
STRP preparations. The identification of anthocyanins was based on UV-Vis spectra, MS data, and literature
references. The presence of cyanidin-3-glucoside was also confirmed by comparing with the retention time of
the commercial standard.

In RTRP, cyanidin glycosides such as sophoroside, glucosyl-rutinoside, glucoside, and rutinoside, as well as
pelargonidin glucoside, were identified. In STRP, pelargonidin glycosides such as glucoside, rutinoside, malonyl-
glucoside, and cyanidin glucoside were present. This preparation also showed the presence of one anthocyanin
that was not identified due to an insufficient analytical signal.

Quantitative polyphenol composition of RTRP and STRP
Tables 4 and 5 provide a quantitative composition of polyphenolic compounds in the RTRP and STRP. Both
preparations were characterized by a high content of tannins (ellagitannins + flavanols), with respective contents
of 71,646 mg/100 g for RTRP and 44,441 mg/100 g for STRP. In the RTRP, ellagitannins accounted for 88% of
the total determined polyphenols, while flavanols comprised 12%. A slightly different share of these two groups
of tannins was observed in the STRP, where ellagitannins constituted 43% and flavanols 53% of determined
polyphenols. Notably, in both preparations, tannins constituted approximately 95% of the total polyphenols.
The total content of ellagitannins in the RTRP was measured at 65,361 mg/100 g, with the predominant
compounds identified aslambertianin C (peak 10) and sanguiin H-6 (peak 11). Collectively, these two compounds
accounted for nearly 90% of the total ellagitannins quantified. Additionally, peak no. 9, i.e. lambertianin D in
conjunction with a fragarin derivative, was present at a concentration of 2640 mg/100 g, representing 4.2% of
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Pn. | RT [min] | Tentative identification g:;:)c,ted ﬁvl +H]** | MS/MS fragment ions m/z | Sum formula | Appm | Ref.
REP

1 8.18 Cyanidin-3-O-sophorodise 611.1611 1 287.0553 C,,H,; 0,4 0.7 a,b,c
2 8.76 Cyanidin 3-O-glucosyl-rutinoside 757.2188 1 287.0556 C;;H, 0, 0.3 a,b,c
31939 Cyanidin-3-O-glucoside 449.1086 1 287.0553 C,H,0, |17 |abc
4 10.20 Cyanidin-3-O-rutinoside 595.1663 1 287.0553 C,,H, 0, 0.9 a,b,c
5 10.82 Pelargonidin-3-O-glucoside 433.1137 1 271.0605 C,,H,,0,, 1.8 a,b,c
SEP

1 9.41 Cyanidin-3-O-glucoside 449.1079 1 287.0552 C, H, 0, 0.1 d, e f
2 10.80 Pelargonidin-3-O-glucoside 433.1131 1 271.0604 C,,H,,0,, 0.4 d,e f
3 |1171 Pelargonidin-3-O-rutinoside 579.1711 1 271.0603 CyH, 0, |05 |def
4 13.02 Pelargonidin-3-O-(6"-malonyl)glucoside | 519.1141 1 271.0603 C,,H,,0,, 1.5 d, f

5 13.49 Unknown 771.1053; 501.1036 | 1 ;g;gégg

Table 3. Anthocyanins identification in the RTRP and STRP. Pn peak number, RT retention time, a —
McDougal et al.>3, b — Chen et al.%, ¢ — Mullen et al.%, d - Nowicka et al.%, e - Mustafa et al.%, f - Abby et
al.ft,

the total ellagitannins. The remaining compounds were detected at concentrations below 1000 mg/100 g. The
ellagic acid content in this preparation was recorded at 167 mg/100 g. Furthermore, RTRP was characterized by
anthocyanin content of 267 mg/100 g, where the dominant compounds were cyanidin-3-sophoroside (peak 1)
and cyanidin-3-glucoside (peak 3), which together comprised over 75% of the anthocyanins determined. Other
anthocyanins were present in amounts less than 35 mg/100 g. The flavan-3-ol content in RTRP was at the level
of 8958 mg/100 g, of which 70% were polymeric compounds, i.e. procyanidins. Among the free catechins, the
dominant compound was (-)-epicatechin, the content of which was almost 2500 mg/100 g. Procyanidins present
in this preparation were characterized by a low degree of polymerization of 1.62, and the percentage of catechins
in their structure was as follows: 52.5% (-)-epicatechin, 47.5% (+)-catechin.

The strawberry fruit preparation STRP, exhibited an ellagitannin content that was more than three times
lower than that of the preparation derived from raspberries. The total content of these compounds was measured
at 20,212 mg/100 g, with agrimoniin (peak 8) being the predominant ellagitannin, accounting for over 50% of the
determined ellagitannins. Relatively large amounts of lambertianin C without the ellagic acid residue (peak 6),
fragarin A (peak 5), lambertianin C isomer (peak 9) and sanguiin H-6 isomer (peak 4) were also present, these
compounds constituted 11.1%; 10.9%; 9.2% and 7.8% of the determined ellagitannins, respectively. The content
of anthocyanins in the STRP was more than six times higher than in the RTRP and amounted to 1781 mg/100 g.
The dominant anthocyanin in the preparation obtained from strawberry fruit was pelargonidin-3-glucoside,
the content of which was at the level of 1567 mg/100 g, which constituted 88% of the anthocyanins determined.
The remaining compounds occurred in amounts below 146 mg/100 g. The content of flavan-3-ols in the STRP
was at the level of 24,944 g/100 g, which was almost three times higher than in the RTRP. Polymeric compounds
(procyanidins) constituted 97% of all the flavanols determined. The presence of free (-)-epicatechin was not
demonstrated in the STRP, and the content of (+)-catechin was at the level of 0.7 g/100 g. The determined
procyanidins were characterized by a degree of polymerization close to 5, and the percentage of catechins in
their structure was as follows: 57.3% (-)-epicatechin, 42.7% (+)-catechin.

Antimicrobial activity of RTRP and STRP

Table 6 presents the antimicrobial activity of the obtained preparations against six strains of L. monocytogenes
from the ATCC collection. In the test of the general antagonistic activity of the RTRP and STRP at a
concentration of 60 mg/mL using the disk diffusion method, the ability to limit the growth of all tested strains
was observed. The zones of inhibition ranged from 10.0 mm to 24.5 mm. The strongest inhibitory effect was
noted for L. monocytogenes ATCC 19,111, with growth inhibition diameters of 20.0 £4.24 mm for the RTRP
extract and 24.5+6.36 mm for the STRP extract. For L. monocytogenes ATCC 19,112, 35,152, 7644, and 15,313,
the inhibition zones ranged from 10.5 to 11.5 mm, regardless of the preparation. The control chloramphenicol
at a dose of 30 pg/disc was characterized by a zone of inhibition above 30 mm. In the general antagonism test,
RTRP and STRP did not show statistically significant differences in their antilisterial activity despite the different
polyphenol composition. However, the variable sensitivity of the tested strains to the effects of the preparations
was confirmed.

The determined MIC and MBC values for the tested strains were within the range of 1.563-25 mg/mL and
3.12-100 mg/mL, respectively (Table 7). Comparison of the MIC and MBC values showed that L. monocytogenes
ATCC 19,111 and ATCC 35,152 were the most sensitive strains. Their MIC and MBC values were identical (1.563
and 3.12 mg/mL, respectively), regardless of the preparation. The most resistant strain to RTRP and STRP was
L. monocytogenes ATCC 15,313, for which the MIC and MBC values were 16-fold higher. These data, similarly
to the general antagonism test, confirm the variable strain sensitivity to the tested preparations. Additionally,
for the L. monocytogenes ATCC 19,115, ATCC 19,112, and ATCC 7644, differences were observed between the
preparations. For L. monocytogenes ATCC 19,115 and 19,112, the STRP was characterized by higher MIC and
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Meann=3 | SD
Pn | RT [min] | Compound [mg/100 g] | [mg/100 g] | RSD [%]
Ellagitannins
1 |7.07 Castalagin 247.3 20.5 8.3
2 7.74 ?pise-d?f:c]if;ggi]rlll/cczsseuariin) 249.5 18.6 74
31932 SH-6-galloyl moiety 226.8 2.8 1.2
4 9.42 SH-10 isomer 523.1 16.4 3.1
5 9.98 LC-HHDP moiety 832.8 222 2.7
6 |10.18 SH-6-galloyl moiety 500.1 20.8 4.2
7 11.70 SH-10 isomer 787.5 13.3 1.7
8 12.12 SH-6 isomer 980.8 17.0 1.7
9 | 1255 Lambertianin D + fragarin A type | 2640.9 130.4 4.9
10 | 12.71 Lambertianin C 35302.4 423.8 12
11 | 13.15 Sanguiin H-6 23130.4 321.3 14
12 | 15.05 Ellagic acid 167.0 5.3 3.2
- - Total ellagitannins 65361.8 789.7 1.2
Anthocyanins
1 |8.18 Cyanidin-3-O-sophorodise 114.9 1.1 1.0
2 | 876 Cyanidin 3-O-glucosyl-rutinoside | 34.8 1.6 4.6
31939 Cyanidin-3-O-glucoside 86.3 2.1 2.4
4 |10.20 Cyanidin-3-O-rutinoside 25.5 1.3 5.2
5 |10.82 Pelargonidin-3-O-glucoside 6.0 0.4 5.9
Total anthocyanins 267.5 6.0 2.2
Flavanols
(+)-catechin 195.1 0.9 0.5
(-)-epicatechin 2471.1 72.9 3.0
- Proanthocyanidins 6284.5 110.6 1.8
% extCat 36.4 0.2 0.6
% extEpi 1.9 0.0 1.5
%tCat 11.2 0.1 0.7
%tEpi 50.6 0.3 0.6
mDP 1.62 0.01 0.4
- - Total flavanols 8957.9 164.5 1.8

Table 4. Polyphenol content [mg/100 g] in the RTRP. Pn peak number, Values are means * standard
deviation (SD), RSD relative standard deviation, n=4, %extCat — percent of extender (+)-catechin, %extEpi
- percent of extender (-)-epicatechin, %tCat - percent of terminal (+)-catechin, %tEpi — percent of terminal
(-)-epicatechin, mDP - mean degree of polymerisation.

MBC values, compared to RTRP, which suggests a lower inhibitory and biocidal capacity of the polyphenolic
preparation obtained from strawberry fruit. On the other hand, an inverse relationship was observed for the L.
monocytogenes ATCC 7644. Considering the above, it can be concluded that the sensitivity of the tested strains
depends on the polyphenolic composition, where STRP containing a large share of condensed tannins strongly
inhibit the development of the L. monocytogenes ATCC 7644, while RTRP rich in ellagitannins strongly inhibit
the development of L. monocytogenes ATCC 19,115 and 19,112.

Growth or death dynamics of Listeria monocytogenes

Figure 2 shows the growth dynamics of L. monocytogenes in the presence of RTRP and STRP. In the control
samples for all six strains of L. monocytogenes, bacterial growth was observed during incubation. After 6 h of
incubation, the bacterial count increased by 0.85 to 1.11 logarithmic units, yielding an average of 0.986+0.1108
logarithmic units under control conditions. RTRP and STRP, at MIC and 2xMIC concentrations (which
corresponds to MBC for five strains) limited the growth of the tested strains of L. monocytogenes. The most
sensitive strain to RTRP and STRP was L. monocytogenes ATCC 15,313 (Fig. 2), where after hours of incubation,
a reduction in the number of bacteria was achieved by 9.46 logarithmic units for STRP at a concentration of
2xMIC and by 8.37 logarithmic units for RTRP also at a concentration of 2MIC. In this case, after 6 h of exposure
to RTRP and STRP at a concentration of 2MIC, no living cells of L. monocytogenes ATCC 15,313 were detected
in the tested system. An equally sensitive strain was L. monocytogenes ATCC 19,115, for which after 6 h of
incubation, a reduction in the number of bacteria was observed by more than 5 logarithmic units for the MIC
concentration for both the RTRP and STRP. Surprisingly, for the 2xMIC concentration, the population of this
strain decreased after 6 h only by 2 and 2.5 logarithmic units for STRP and RTRP, respectively. The remaining
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Meann=3 | SD
Pn | RT [min] | Compound [mg/100 g] | [mg/100 g] | RSD [%]
Ellagitannins
1 |7.83 Bis-HHDP-glucose (pedunculagin) 145.8 5.8 4.0
2 [10.75 Castalagin-dimer type 161.0 1.3 0.8
3 | 1258 Bis-HHDP-glucose-galloyl (casuarictin) 1081.5 70.5 6.5
4 13.02 Sanguiin H-6 isomer 1589.9 90.8 57
5 13.49 Fragariin A 2217.9 81.8 3.7
6 13.69 LC-HHDP moiety 2257.4 116.1 5.1
7 | 14.56 LC-HHDP moiety, SH-6 + gallic moiety 553.5 40.2 7.3
8 14.65 Agrimoniin 10248.0 499 0.5
9 15.07 LC type ET 1854.7 29.8 1.6
10 | 15.75 SH-6+ gallic moiety, Castalagin dimer type ET | 408.9 21.5 5.2
Total ellagitannins 20211.9 480.2 2.4
Anthocyanins
1 1941 Cyanidin-3-O-glucoside 49.0 2.1 43
2 |10.80 Pelargonidin-3-O-glucoside 1567.5 8.4 0.5
3 11.71 Pelargonidin-3-O-rutinoside 145.9 1.4 1.0
4 |13.02 Pelargonidin-3-O-(6"-malonyl)glucoside 15.1 0.1 0.5
5 |13.49 Unknown 3.6 0.1 2.0
Total anthocyanins 1781.1 11.9 0.7
Flavanols
(+)-catechin 711.5 8.7 1.2
(-)-epicatechin - - -
Proanthocyanidins 24229.9 176.4 0.7
% extCat 22.8 0.1 0.4
% extEpi 56.8 0.1 0.1
%tCat 19.9 0.1 0.7
%tEpi 0.5 0.0 5.6
mDP 4.91 0.05 1.0
Total flavanols 24943.8 168.4 0.7

Table 5. Polyphenol content [mg/100 g] in the STRP. Pn peak number, Values are means + standard
deviation (SD); RSD relative standard deviation; n =4, %extCat — percent of extender (+)-catechin, %extEpi
- percent of extender (-)-epicatechin, %tCat — percent of terminal (+)-catechin, %tEpi — percent of terminal

(-)-epicatechin, mDP - mean degree of polymerisation.

Growth inhibition zone [mm]
Chloramphenicol | DMSO
Strain RTRP STRP 30 pg/disc 0.05 g/mL
L. monocytogenes ATCC 19,115 | 16.0+5.66ABa | 11.5+0.71Aa | 31.0+1.41 0.0+£0.00
L. monocytogenes ATCC 19,112 | 11.5+0.71Aa | 11.5+0.71Aa | 30.0+0.00 0.0+0.00
L. monocytogenes ATCC 35,152 | 11.0+£0.00Aa | 11.0+0.00Aa | 31.0+1.41 0.0+0.00
L. monocytogenes ATCC 7644 10.5+0.71Aa | 11.0+£1.41Aa | 31.0£1.41 0.0+0.00
L. monocytogenes ATCC 15,313 | 11.0+£0.00Aa | 10.0+£0.00Aa | 33.5+2.12 0.0+0.00
L. monocytogenes ATCC 19,111 | 20.0+4.24Ba | 24.5+6.36Ba | 31.0+1.41 0.0+0.00

Table 6. General antagonism of the RTRP and STRP (60 mg/mL). a — effect of extracts on the growth
inhibition zone of a specific one microorganism (rows), A, B — effect of one extract on a given type of

microorganism (column), Duncan’s post-hoc test (p<0.05).

four L. monocytogenes strains also responded with a decrease in population count to the presence of RTRP and
STRP in the growth medium at the tested time and concentrations. For these strains, an average decrease in

bacterial numbers of 2 logarithmic units was observed.
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L. monocytogenes ATCC 19,115 | 6.25 12.5 25 50
L. monocytogenes ATCC 19,112 | 6.25 12.5 6.25 100
L. monocytogenes ATCC 35,152 | 1.563 3.12 1.563 3.12
L. monocytogenes ATCC 7644 | 3.125 6.25 1.563 3.12
L. monocytogenes ATCC 15,313 | 25 50 25 50
L. monocytogenes ATCC 19,111 | 1.563 3.12 1.563 3.12

Table 7. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the
RTRP and STRP [mg/mL].

L. monocytogenes ATCC 19111 L. monocytogenes ATCC 19112
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Fig. 2. Changes in the number of Listeria monocytogenes bacteria in the presence of RTRP and STRP during
6-hour incubation. A positive value indicates an increase in cells above the initial level, while a negative value
indicates a decrease below it.
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Discussion

In the studies presented, the antimicrobial properties of tannin rich preparations, specifically those rich in
ellagitannins and flavan-3-ols derived from raspberry and strawberry fruits, were evaluated against strains of
L. monocytogenes.

The procedure employed to isolate the aforementioned compounds has been used in previous studies's.
The preparations were produced using pomace obtained after pressing juice from the pulp. According to
research conducted by Milczarek et al.”?, pomace, particularly that from juice production, retains 50-70% of
the ellagitannins originally present in the fruit. Due to its lower sugar and organic acid content, coupled with a
simultaneous higher concentration of polyphenolic compounds compared to whole fruits, pomace represents
a promising raw material for obtaining polyphenols, in particular tannin compounds®*?*. The isolation process
involved three stages of extraction using acetone, which effectively isolated both ellagitannins and flavan-3-
ols. Research conducted by Milczarek et al.?> clearly confirms that a two-stage acetone extraction method
allows for the extraction of both low- and high-molecular-weight ellagitannins from raspberry pomace. It
should be emphasized that the use of water-acetone solutions in the process of extracting ellagitannins and
proanthocyanidins, especially in combination with various supporting techniques, e.g. UAE - Ultrasound
Assisted Extraction, MAE - Microwave assisted extraction, ASE — accelerated solvent extraction, is commonly
used methods for extracting by-products like pomace?*-2%. The application of Amberlite XAD 1600 in the
purification process allowed to obtain extracts with a high content of ellagitannins (>65%) in the case of
the raspberry RTRP, which is comparable to the results obtained by Kihkénen et al.?, who, using a similar
extraction technique (acetone) and purification method (Amberlite XAD-7), produced an extract characterized
by the content of ellagitannins of 60 g/100 g and anthocyanins at 8 g/100 g. In the case of the strawberry STRP,
the tannin content was at the level of 45 g/100 g, with ellagitannins and condensed tannins present in similar
level. In the study by Fotschki et al.’, the authors obtained a polyphenolic preparation from strawberries
characterized by a polyphenol content of 79 g/100 g, with ellagitannins and procyanidins comprising 59 and 17%
of the determined polyphenols, respectively. Additionally, Kéhkénen et al.?? indicate that ellagitannins can be
separated from anthocyanins and flavonols in a polyphenolic preparation obtained from the fruits of the Rubus
genus (Rubus idaeus L. and Rubus chamaemorus L.), However, this process requires an additional purification
step using a column filled with Sephadex LH-20.

All identified ellagitannins in the RTRP were previously observed in raspberry fruit. A comparable situation
occurs with the STRP - with the exception of two castalagin derivatives (peaks 2 and 10), for which the signal
was too weak to allow for full identification using the MS technique. When analyzing the compounds studied, it
is worth noting that the presence of identified ellagitannins in both the RTRP and STRP may reflect the specific
fruit varieties used”® as well as the effects of the extraction and purification processes employed. The analysis
of anthocyanin compounds also showed that the identified pigments in the RTRP and STRP are characteristic
of the fruits from which they were obtained. According to literature data, flavan-3-ols present in raspberry
and strawberry fruits are dimers and oligomers of catechin and epicatechin, and in the case of strawberries
additionally afzelchin and epiafzelchin®1%31:32, The average degree of polymerization of proanthocyanidins, as
reported by Gu et al.!%, is 2.1 for raspberries and 5.4 for strawberries. The proanthocyanidin profile and degree
of polymerization of the obtained RTRP and STRP were similar to the data obtained by Gu et al.!’. In the case
of RTRP, catechin was the dominant extension unit (36%), while epicatechin was the predominant terminal unit
(51%). In STRP, epicatechin was the dominant extension unit (57%), whereas catechin was the leading terminal
unit, accounting for 20%.

According to Farha et al.l, the antibacterial mechanism of tannins should be considered at three levels.
The first level involves the antibacterial effects resulting from various factors, including the impact on cell wall
membranes, inhibition of cell wall synthesis, and chelation minerals. The antibacterial mechanism of tannins
may be the result of its direct binding to peptidoglycan in the bacterial cell wall, interfering with integrity™.
Another mechanism of action of tannins and their derivatives may be the disruption of fatty acid synthesis
in bacteria. In the studies of Wu et al.** it was shown that tannic acid inhibited b-ketoacyl-ACP reductase
(FabG), which is an important enzyme in bacterial fatty acid synthesis. It is known that fatty acids, mainly
phospholipids, are components of the external structures of the bacterial cell - the cytoplasmic membrane and
the cell wall. Disruption of the synthesis of this component carries serious consequences for the cell in the form
of reorganization of the structure of these structures, which is associated with its basic protective and transport
functions.

The second level pertains to the effects on virulence factors, which include the inhibition of enzymes,
prevention of biofilm formation, and blockage of communication channels (quorum sensing - QS). The above
statements are confirmed by the research conducted by Oliveira et al.®> where it was shown that extracts
obtained from Rubus rosaefolius with a total phenolic content of 5902.89 mg GAE/L effectively limited bacterial
intercellular communication (QS) by blocking violacein production, swarming motility and biofilm formation.

The last level addresses the reduction of multidrug resistance by blocking efflux pumps, inhibiting the
activity of B-lactamase and inhibiting antibiotic binding proteins. According to the studies by Puupponen-
Pimid et al.'"!2, tannins selectively inhibit the growth of bacteria pathogenic to humans such as Salmonella
spp., Staphylococcus spp., E. coli. Extracts at a concentration of 1 mg/mL obtained from raspberries and
strawberries showed particularly high activity against E. coli CM871. In the agar diffusion method, lyophilized
fruit extracts in the amount of 0.8-7 mg per well showed an E. coli inhibition zone of 14-21 mm. In the studies
by Ispiryan et al.*®, polyphenolic extracts obtained from raspberry fruits, as well as from seeds, leaves, roots,
stems by ethanol extraction, showed a similar inhibition capacity against L. monocytogenes. Inhibition zones
in the disk diffusion test were in the range of 16-21 mm. In turn, in the studies conducted by Khalifa et al.>’
commercial raspberry and strawberry extracts dissolved in water showed activity against L. monocytogenes (4b,
F2395), where the MIC and MBC values were 2.5 and 10 mg/mL for the raspberry extract and 5 and 10 mg/
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mL for the strawberry extract, respectively. These researchers also observed the influence of the extract pH
on the inhibitory and killing capacity, extracts neutralized to pH 7 significantly reduced their activity against
the tested bacteria, and the MIC and MBC values, regardless of the extract and the tested strains, were above
100 mg/mL. In the studies conducted by Mari¢ et al.!®, polyphenolic extracts obtained from defatted raspberry
seeds showed negligible activity against L. monocytogenes. In these studies, the inhibition zone against the L.
monocytogenes ATCC 19,111, using 6 mm discs and 10 pL of extract, was between 7 and 9 mm, which suggests
a lack of antimicrobial properties. In our studies, using 5 mm discs and 20 pL of extract, the inhibition zone
against the same ATCC 19,111 strain was at the level of 20 mm for the raspberry preparation and 24.5 mm for
the strawberry preparation. Hence, it should be emphasized that according to Mari¢ et al.'%, the extracts used
for microbiological tests were obtained by extraction with ethanol solution. These extracts were not subjected to
further purification processes, and the content of total ellagic acid (released from ellagitannins) was estimated at
alevel close to 1 g/100 g, which suggests a relatively low content of polyphenols in this extract. These authors did
not estimate the total content of polyphenolic compounds. In turn, studies conducted by Cetojevi¢ et al.'* show
that extracts obtained from raspberry pomace from the ‘Meeker’ and ‘Willamette’ varieties are characterized by
high activity against L. monocytogenes for the strain, which was marked by the authors as wild strain. In these
studies, extracts containing 2.6 and 4.4 g/100 g of polyphenols showed activity expressed as MIC and MBC at the
level of 0.4-0.6 mg/mL and 0.8 mg/L, respectively. Comparing these results to our results, the values are two to
several times lower, which suggests very good activity of these extracts against this strain.

Considering the dynamics of bacterial growth (Fig. 2) in the presence of RTRP and STRP, the number of
bacteria decreased during 6 h of incubation. These data clearly indicate that the tested preparations, at the applied
MIC and 2xMIC doses have antilisterial activity. However, the findings presented by Barbieri et al.*® indicate that
the polyphenol preparation obtained from blackberry leaves (Rubus fruticosus), at a dose of 0.5xMIC, initially
acted in a bacteriostatic manner, as no increase or decrease in bacterial count was observed during the first
hours of incubation. After 15 h of incubation, however, an increase in bacterial count was noted. According to
these authors, the use of plant extracts has an inhibitory effect by extending the adaptation phase, resulting in
a final bacterial count (after 150 h of incubation) that is lower by 1 log unit compared to the control sample. In
the studies of Balgacem et al.'’, the addition of pomegranate peel extract, which is rich in ellagitannins, at doses
ranging from 1.2 to 12 mg/mL caused the CFU content of selected L. monocytogenes strains to drop below the
detection limit, although it should be mentioned that in these studies the maximum interaction time of the
preparation with bacteria was 30 min. The authors of these studies also recognize the potential application of
such polyphenol preparations in reducing pathogenic microorganisms, particularly in fresh-cut fruit.

The literature indicates that the antimicrobial properties of fruit preparations are associated with the presence
of tannin compounds, including both hydrolysable tannins and proanthocyanidins, which exhibit a slightly
different mechanisms of action. It is widely accepted that the antimicrobial activity of polyphenols results
from the presence of phenolic hydroxyls, which can influence various factors responsible for the viability of
microorganisms'. In the case of ellagitannins, antimicrobial activity may be related to the presence of galloyl
and valoneoyl groups. Research conducted by Shimozu et al.*® on Staphylococcus aureus and Enterococcus
faecium revealed that ellagitannins containing only HHDP groups, without free galloyl groups, did not
exhibit antimicrobial properties. Conversely, the research by Li et al.*> showed that an extract obtained from
pomegranate, primarily composed of punicalagin devoid of galloyl groups, caused plasmolysis and damage of cell
membranes of L. monocytogenes CMCC54004. Both RTRP and STRP extracts obtained in our study contained
ellagitannins, which have both HHDP and galloyl groups in their structure, with the main ellagitannins being
dimers or trimers of castalagin/potentillin. According to the data presented by Funatogawa et al.%!, oligomers
are characterized by lower antimicrobial activity against H. pylori than monomers. The antimicrobial activity
of ellagitannins may also be the effect of the release of ellagic acid. Savic et al.*? reported that ellagic acid itself
shows activity against L. monocytogenes. In their studies, the inhibition zone against the ATCC 19,166 strain,
using the disk diffusion method, was at the level of 20-22 mm, with a disk diameter of 12.5 mm and a solution
of ellagic acid with a concentration of 1 mg/mL in the amount of 60 uL was used. In our studies, the RTRP was
characterized by the presence of ellagic acid at the level of 167 mg/100 g; however, it remained undetermined
whether the presence of this compound influences the antimicrobial activity. Therefore, further research is
necessary to ascertain whether L. monocytogenes has an enzymatic apparatus, including tannase, capable of
degrading ellagitannins*>** and whether an increase in the concentration of this compound in the preparation
can translate into antilisterial activity. The studies by Rappin et al.*® indicated that extracts from fruits, including
raspberries and strawberries, containing tannins subjected to enzymatic hydrolysis using tannin acyl hydrolase
increased both their antioxidant and antimicrobial activity.

Condensed tannins also exhibit antimicrobial activity against L. monocytogenes®’. The activity of these
compounds is related to both the type of monomers*® and the degree of polymerization®. In the studies by
Sivakumaran et al.®, a significant effect of the activity of condensed tannins on rumen bacteria was confirmed,
with an increase in the degree of polymerization typically associated with a decrease in its activity. In the research
by Wang et al./, procyanidin A1 showed antimicrobial activity against L. monocytogenes ATCC 7644, with MIC
values for this compound at 64 ug/mL, other procyanidins such as procyanidin B3, procyanidin C4 had MIC
values >128 ug/mL, which the authors considered as a lack of antimicrobial activity. In our study, the activity
of the STRP, rich in procyanidins, against the same strain, expressed as MIC was at the level of 1.563 mg/mL,
which confirms the above results, although the classification of a lack of antimicrobial activity remains subject
of debate.

Comparing the tested preparations, they were characterized by similar antimicrobial activity, despite a
different tannin profiles. The data in Tables 6 and 7 clearly indicate that individual L. monocytogenes strains
are characterized by different sensitivity to the preparations, and in extreme cases, the MIC and MBC values
between the selected strains differed 16- and 32-fold, respectively.
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Conclusions

The conducted studies have demonstrated that the extraction and purification technique applied to the
Amberlite XAD 1600 bed yield highly concentrated polyphenolic preparations from raspberry and strawberry
fruits, containing 74 g/100 g and 47 g/100 g of polyphenols, respectively, with a high proportion of tannins. The
raspberry preparation (RTRP) is characterized by a high proportion of ellagitannins (88%), with the trimeric
lambertianin C and the dimeric sanguiin H-6 being the dominant compounds. The strawberry preparation
(STRP) is characterized by a similar proportion of proanthocyanidins and ellagitannins, at 53% and 43%,
respectively, with the agrimoniin as the predominant compound. Our results confirm the antilisterial activity
of these preparations, demonstrating their potential as natural antimicrobial agents. The effectiveness of
these tannin-rich extracts suggests their applicability in food preservation strategies. Further optimization of
extraction methods and formulation strategies will help enhance their efficiency and ensure their stability across
different food systems.
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