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Abstract: Recently, more and more researchers have begun to consider using waste bark fractions to
produce value-added biochemicals and materials, as well as for energy production. Extraction is often
the first operation in biomass biorefineries. Here we obtained hydroethanolic extracts from waste
cork and phloem fractions of Quercus cerris bark and analyzed them to determine their antioxidant,
antimicrobial, and nitric oxide (NO) production inhibition properties and their hepatotoxicity. The
antioxidant properties were investigated by ex vivo TBARSs as well as OxHLIA antioxidant assays,
the antibacterial properties against Gram-positive and Gram-negative bacteria isolated from food
and clinical sources, and antifungal properties against Aspergillus brasiliensis and A. fumigatus. The
NO production inhibition activity was assessed in a lipopolysaccharide (LPS)-stimulated murine
macrophage (RAW 264.7) cell line, and antiproliferative activities were determined against five
different cell lines, including lung (NCI-H460), gastric (AGS), breast (MCF?7), and colon (CaCo2)
tumor cell lines, as well as a non-tumor cell line (PLP2). The hydroethanolic maceration of waste cork
and phloem yielded 4.4% and 2.4% extracts, respectively. Gallic acid glucosides, phenolic acids, and
ellagic acid were identified in both extracts. The waste cork and phloem extracts showed antioxidant,
antimicrobial, antifungal, and antiproliferative properties but also showed hepatotoxicity in the
case of waste cork. Both bark fractions varied in terms of their bioactivity, with waste cork extracts
showing, in general, higher bioactivity than phloem extracts

Keywords: cork; phloem; waste; antioxidant activity; antimicrobial activity; antiproliferative activity

1. Introduction

Biomass is described as biological-derived (of plant or animal origin) material ex-
cluding minerals, and fossilized materials (EN 16575:2014) [1]. According to this broad
definition, biomass includes wood and forestry wastes, agricultural crops, residues of
forest-based and agro-industries, municipal solid waste, algae, microorganisms, marine
organisms, etc. Many of these biomasses already undergo valorization processes, partic-
ularly regarding their use as energy sources. Biomass contributes to approximately 6%
of global energy production, 55% of global renewable energy production, and 2.5% of
global electricity production, according to the latest International Energy Agency (IEA)
data. These figures will likely increase in the future due to the global shift to renewable
energy driven by the depleting fossil resources and the environmental problems associated
with their use.
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Biorefineries are integrated processes that convert biomass into a range of value-
added products and/or into energy through a set of cascaded thermochemical or biological
processes [2]. All biorefinery systems seem to share at least two common traits: they
facilitate waste reduction and offer sustainability. Thus, by closing material conversion
loops, they contribute to the sustainable production of materials, chemicals, and energy
from renewable sources under the overall bioeconomy concept [3]. Among the different
biomass types that can be used as feedstocks in biorefineries, tree barks are attracting
increasing interest [3].

Barks are the outermost components that cover stems and branches, and are defined
as all the tissues (comprising the cortex, phloem, epidermis, and periderm) external to the
vascular cambium of trees, shrubs, or lianas [4,5]. Tree barks are structurally composed
of inner bark (including conducting and non-conducting phloem tissues) and outer bark
or rhytidome, consisting of one periderm [6] or, in most cases, of successive periderms
separated by phloem layers [5]. Some species have periderms, with a substantial formation
of cork cells leading to cork-rich barks [5]. One such case is Quercus cerris (Turkey oak),
which develops a cork-rich rhytidome under specific growth conditions [7].

Tree barks are heterogeneous lignocellulosic solid materials at structural and chemical
levels, possessing low polysaccharide and high lignin and inorganic (ash) contents, and they
often have inorganic impurities [3,8]. Therefore, the production of value-added materials
from tree barks is complex and the traditional single-step chemical or biological processes
cannot be applied due to low product yields and ash-related operational problems [3].
Therefore, tree barks are often regarded as waste material.

On the other hand, the distinctive properties of barks may be advantageous for a
biorefinery route because they are rich sources of valuable chemical products such as
lipophilic and phenolic extractives. Extraction is usually the first operation in a multi-step
biomass biorefinery, and barks are promising sources for the production of chemical and
biochemical extracts due to their high amounts of extractable compounds and their diversity.
In subsequent processes, other components can be selectively removed from the previously
extracted bark, such as inorganic compounds, lignin depolymerization products [2], as well
as carbohydrates derived from the polysaccharide fraction [9,10], therefore closing off the
biorefinery system by producing value-added chemicals and materials and achieving full
resource valorization.

Different bark components are already processed at a commercial scale. For instance,
oak, chestnut, and wattle barks are used at industrial scale for tannin production, eucalypt
and birch barks are used for extractives, and cork oak bark is used for cork production [3].
Cork is a unique bark component, given the singularity of its particular set of properties,
and cork-rich barks are, therefore, potentially valuable resources [6]. The cork from Quercus
suber is one of the most valuable non-wood forest products, and has a well-established
and consolidated market value due to its interesting applications, e.g., as cork stoppers for
sealing wine bottles, as cork granulates in composites for insulation and surfacing, and
as adsorption materials; it can also be used as a source of energy, which can be produced
from the cork waste powder, and thus provides an example of a full resource valorization
loop [6]. It is therefore understandable that other cork-rich barks have been considered as
potential cork providers. This is the case of the cork-rich Quercus cerris bark; a research
program was developed to characterize it and explore the different valorization routes,
including, as a first step, bark fractionation and separation of a pure cork fraction that
comprises approximately 8% of the total bark weight [11]. The cork of Q. cerris has a similar
chemical composition to that of Q. suber, but with less suberin and higher lignin and ash
content [6]. The composition of lipophilic extractives of both corks is similar, with friedelin
triterpenoids acting as the principal compounds [12].

However, the Q. cerris bark fractionation process for obtaining a pure cork fraction
generates substantial waste fractions composed of refuse-grade cork (high-density and
phloem-containing cork) that are rejected for cork-stopper production, making up approx-
imately 19% of the total bark weight, and also of a phloem fraction which represents up
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to 73% of the total bark weight [11]. Together, these waste fractions correspond to approx-
imately 90% of the bark weight and must therefore be considered for valorization in a
biorefinery route. Previously, it was shown that extracts from these waste cork and phloem
fractions exhibit antioxidant and antimicrobial properties that can be detected in in vitro
conditions using chemical methods [13,14], but their true bioactive potential was not tested
in biological matrices, nor was their phenolic composition determined, although this is
closely related to their bioactive properties.

This study aims to address this knowledge gap by conducting the first comparative
analysis of the phenolic profile and the bioactive properties of polar extracts from waste cork
and phloem from Q. cerris bark. UPLC-MS analysis, antioxidant properties, antimicrobial
and antifungal properties, as well as the antiproliferative activity, hepatotoxicity, and nitric
oxide production inhibition properties of Q. cerris waste cork and phloem fractions were
determined. The results will provide knowledge that will be useful for the valorization of
phloem and cork residues from other oak barks by producing bioactive agents for several
applications, including skincare agents and health supplements, infection control, food
preservatives, and cancer treatment.

2. Materials and Methods
2.1. Standards and Reagents

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) and PBS (Phosphate-
buffered saline) were purchased from Sigma (St. Louis, MO, USA). Formic and acetic
acids were purchased from Prolabo (VWR International, Rosny-sous-Bois, France). Ethyl
acetate (99.8%) was purchased from Fisher Scientic (Lisbon, Portugal). Phenolic com-
pound standards were purchased from Extrasynthese (Genay, France). Fetal bovine
serum (FBS), L-glutamine, Hank’s balanced salt solution (HBSS), and trypsin—-EDTA (ethyl-
enediaminetetraacetic acid) were obtained from Hyclone (Logan, UT, USA). Acetic acid, el-
lipticine, sulforhodamine B (SRB), dimethyl sulfoxide (DMSO, trypan blue, tri-chloroacetic
acid (TCA), and tris (tris(hydroxymethyl)amino-methane) were obtained from Sigma Chem-
ical Co. (St. Louis, MO, USA). The cell lines CaCo-2 (Catalogue No. 860102022) and RAW
264.7 (Catalogue No. 91062702) were commercially acquired from the European Collection
of Authenticated Cell Cultures—ECACC, in turn NCI-H460 (ACC 737) and MCF-7 (ACC
115) were acquired from the Leibniz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures GmbH. Microorganisms, Mueller-Hinton agar (MH), malt agar (MA),
as well as positive controls (ampicillin, streptomycin, methicillin, and ketoconazole) were
purchased from Frilabo, Porto, Portugal. All other chemicals and solvents were of analytical
grade and were purchased from common sources. Water was treated in a Milli-Q water
purification system (TGI Pure Water Systems, Greenville, SC, USA).

2.2. Preparation of Cork and Phloem Samples

Samples of cork and phloem were obtained from the bark of approximately 100 mature
trees of Quercus cerris that were harvested in Kahramanmaras, Turkey (Figure 1) in 2015.
The bark was processed as a composite sample by trituration, followed by size and density
separation in an industrial-scale two-step separation process, as previously described [11].
The phloem was separated as a high-density fraction in the first separation step, while
good-grade (low-density) and low-grade (high-density) cork fractions were separated in
the second separation step. The phloem and low-grade (waste) cork samples were re-
granulated, sieved into 40-60 mesh (350420 pum) particle size, and kept in air-tight bags
for further experiments.
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_ Waste cork
Figure 1. Bark of mature Quercus cerris trees showing the inner bark (phloem) and the rhytidome-

containing phloem tissues (dark brown color), and cork tissues (light brown color) on the left. The
ground waste cork and phloem samples used in this study are shown on the right.

2.3. Preparation of Hydroethanolic Extracts

The waste cork and phloem specimens were subjected to a two-step mild hydroethano-
lic maceration extraction by agitating approximately 3 g of sample with a 100 mL mixture
of ethanol (EtOH) and water (H,O) (80:20, v/v) at room temperature (25 °C) for 2 h. The
biomass—solvent mixture was filtered through filter paper (Whatman No. 4 with 20-25 pm
pore size). The filtered extracts were concentrated at 40 °C using a Biichi R-210 rotary
evaporator (BUCHI Labortechnik. Flawil, Switzerland) under reduced pressure. The con-
centrated solutions were frozen and lyophilized using a FreeZone 4.5 lyophilizer (Labconco,
Kansas City, MO, USA) [15].

2.4. UHPLC-DAD-ESI-IT-MS Characterization of Phenolic Compounds

The hydroethanolic extracts prepared above were dissolved in a solution of ethanol
and water (80:20, v/v) to obtain a final concentration of 10 mg/mL. This solution was
filtered using 0.22 um disposable nylon filter disks and used for the determination of
phenolic composition by using an ultra-high-performance liquid chromatography (UHPLC)
system that was equipped with a diode array detector (DAD) operating at three different
ultraviolet wavelengths (280 nm, 330 nm, and 370 nm). The UHPLC system was connected
to an electrospray ionization ion trap mass spectrometry detector (ESI-IT-MS) operating in
the negative ion mode. The instruments used were the Dionex Ultimate 3000 LC system
and the Linear Ion Trap LTQ XL mass spectrometer (Thermo Scientific in San Jose, CA,
USA). The chromatographic method and the mass spectrometry conditions used can be
found elsewhere [15].

The identification of phenolic compounds was based on comparisons of retention
times, UV-VIS signals, mass spectra of the samples and of available standards (gallic,
protocatechuic, caffeic and ellagic acids), as well as previously reported data. The quantifi-
cation of phenolic compounds was made with calibration curves obtained from standards
based on their UV-VIS signals, or from a structurally similar compound when the standard
compound was not available, by integrating the peak areas in the chromatograms using
the baseline-to-valley information and applying baseline projection. The results of the
quantification were expressed as mg/g of the extract.

2.5. Antioxidant Activity

The antioxidant activity of waste cork and phloem extracts was assessed using two
different ex vivo antioxidant assays: the thiobarbituric acid-reactive substances (TBARSs)
assay and the oxidative hemolysis (OxHLIA) assay.

2.5.1. Thiobarbituric Acid-Reactive Substances (TBARSs) Assay

Prior to the TBARSs assay, the hydroethanolic extracts were first dissolved in water and
then subjected to dilutions ranging from 10 to 0.3125 mg/mL. Porcine (Sus scrofa) brain cell
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homogenates were homogenized in tris-HCl (20 mM, pH 7.4). Afterwards, 200 puL extract
samples were mixed with 100 pL brain cell homogenates, 100 uL Ascorbic acid (C¢HgOg,
0.1 mM), 100 puL Iron (II) sulfate (FeSO,4, 10 uM) and incubated at 37.5 °C for 60 min.
Afterwards, 500 uL trichloroacetic acid (Co,HCl30,, 28% w/v) and 380 uL thiobarbituric
acid (TBA, C4.H4N>O,S, 2% w/v) were added and the mixture was incubated at 80 °C
for 20 min. After the incubation, the inhibition of lipid peroxidation in porcine brain cell
homogenates was determined by measuring the decrease in thiobarbituric acid-reactive
substances (TBARSs) and the color intensity of the malondialdehyde-thiobarbituric acid
(MDA-TBA) complex by measuring the absorbance at 532 nm. The lipid peroxidation
inhibition ratio was calculated as a percentage using the following formula: (A — B)/A
x 100, where A represents the absorbance of the control sample and B corresponds to
the absorbance of the extract samples. The results were expressed in terms of effective
concentration (ECsp) values, which indicate the concentration (in ug/mL) of the sample
that provides 50% antioxidant activity and were calculated from a graph showing the
percentage of inhibition against the concentration of the extract. Trolox was used as a
positive control.

2.5.2. Oxidative Hemolysis (OxHLIA) Assay

The assessment of the oxidative hemolysis inhibition activity of the extracts (OxHLIA
antioxidant assay) was performed using red blood cells (RBCs) isolated from healthy sheep.
An erythrocyte solution (2.8% v/v; 200 pL) was mixed with either the extract solution
(ranging from 0.0938 to 3 mg/mL) or water (used for complete hemolysis). After a pre-
incubation period of 10 min at 37 °C with shaking, 2,2’-azobis (2-methylpropionamide)
dihydrochloride (AAPH, 200 pL, 160 mM in PBS, radical initiator was added. The optical
density was measured at 690 nm at approximately 10 min intervals using a microplate
reader (Bio-Tek Instruments, ELX800, Santa Clara, CA, USA) until complete hemolysis
occurred. The results were expressed as inhibitory concentration (ICsy) values (in ug/mL)
at Dt (time point) of 60 min. These ICs( values represent the extract concentration required
to inhibit 50% of the erythrocyte population from the hemolytic action. Trolox was also
used as a positive control [16].

2.6. Antibacterial Activity

The antibacterial activities of waste cork and phloem extracts were assessed using a
microdilution method where the minimum inhibitory concentrations (MICs) and the mini-
mum bactericidal concentrations (MBCs) were determined. These assays were performed
applying a serial dilution technique in 96-well microtiter plates (ThermoFisher Scientific,
Lisbon, Portugal) [17].

Gram-negative bacteria (Enterobacter cloacae (ATCC 49741), Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 9027), Salmonella enterica (ATCC 13076), and Yersinia
enterocolitica (ATCC 8610)), as well as Gram-positive bacteria (Bacillus cereus (ATCC 11778),
Listeria monocytogenes (ATCC 19111), and Staphylococcus aureus (ATCC 25923)), isolated from
food sources, were selected to test the antibacterial activity of the hydroethanolic extracts
of waste cork and phloem.

Additionally, Gram-negative bacteria (E. coli, Klebsiella pneumoniae, Morganella morganii,
Proteus mirabilis, and P. aeruginosa), as well as Gram-positive bacteria (Enterococcus faecalis,
L. monocytogenes, and Methicillin-resistant Staphylococcus aureus (MRSA)) were clinical
isolates obtained from patients hospitalized in various departments at the Hospital Center
of Tras-os-Montes and Alto Douro (Vila Real, Portugal) to evaluate the antibacterial activity
of the hydroethanolic extracts of waste cork and phloem.

The MIC determinations on all bacteria were conducted using the colorimetric assay
described by [18]. Firstly, the samples were dissolved in 5% (v/v) dimethyl sulfoxide
(DMSO) and 95% of autoclaved distilled water to give a final concentration of 20 mg/mL
for the stock solution. Then, 90 uL of this concentration was added to the first well (96-well
microplate) in duplicate with 100 uL of Tryptic Soy Broth (TSB). After that, 90 uL of TSB
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medium was added to the remaining wells. Then, the samples were serially diluted to ob-
tain the concentration ranges (10 to 0.03125 mg/mL). Finally, 10 pL of inoculum (standard-
ized at 1.5 x 10° Colony Forming Unit (CFU)/mL) was added to all the wells to ensure the
presence of 1.5 x 10° CFU. Two negative controls were prepared, one with TSB and another
one with the extract. Two positive controls were prepared with TSB and each inoculum
and another with medium, antibiotics, and bacteria. Ampicillin (10 mg/mL), streptomycin
(1 mg/mL), and methicillin (1 mg/mL) were used as positive controls, whereas the nega-
tive control was 5% dimethyl sulfoxide (DMSO). The microplates were incubated at 37 °C
for 24 h. The MICs of samples were detected following the addition of (40 uL) 0.2 mg/mL
p-iodonitrotetrazolium chloride (INT) and incubation at 37 °C for 30 min. MIC was defined
as the lowest concentration that inhibits the visible bacterial growth, which is determined
by a change in the coloration from yellow to pink that occurs if the microorganisms are
viable. To determine the MBC, 10 puL of liquid from each well that showed no change in
color was plated on a solid medium, blood agar (7% sheep blood), and incubated at 37 °C
for 24 h. The lowest concentration that yielded no growth determined the MBC. The MBC
was defined as the lowest concentration required to kill bacteria.

2.7. Antifungal Activity

To determine the antifungal activity of waste cork and phloem, Aspergillus brasiliensis
(ATCC 16404) and A. fumigatus (ATCC 204305) were used. The microdilution method was
conducted to determine the minimum inhibitory and fungicidal concentrations (MICs, and
MECs, expressed in mg per mL) [19]. The micromycetes were maintained on malt agar and
the cultures stored at 4 °C, after which they were placed in new medium and incubated at
25 °C for 72 h. In order to investigate the antifungal activity, the fungal spores were washed
from the surface of agar plates with sterile 0.85% saline containing 0.1% Tween 80 (v/v).
The spore suspension was adjusted with sterile saline to a concentration of approximately
1.0 x 105 in a final volume of 100 uL per well. Firstly, the samples were dissolved in 5%
(v/v) DMSO and 95% of autoclaved distilled water to provide a final concentration of
10 mg/mL for the stock solution. Afterwards, 90 uL of this concentration was added to the
first well (96-well microplate) in duplicate with 100 uL of Malt Extract Broth (MEB).

After that, 90 uL of MEB medium was added to the remaining wells. Then, the
samples were serially diluted to obtain the concentration ranges (10 to 0.03125 mg/mL).
The minimum inhibitory concentration (MIC) determinations were performed by a serial
dilution technique using a 96-well microplate. The lowest concentrations without visible
growth (at the binocular microscope) were defined as MICs. The MFC was determined by
serial subcultivation of 2 pL of the tested compounds dissolved in medium and inoculated
for 72 h then added to microplates containing 100 pL of MEB per well and subjected to
further incubation for 72 h at 26 °C. The lowest concentration with no visible growth was
defined as the MFC, indicating 99.5% death of the original inoculum. Commercial fungicide
ketoconazole (1 mg/mL) was used as the positive control, whereas the negative control
was 5% DMSO.

2.8. Antiproliferative Activity

The antiproliferative activity of the hydroethanolic extracts was assessed within a
concentration range between 400 and 6.25 ng/mL using the sulforhodamine B colorimetric
assay against four human tumor cell lines: gastric adenocarcinoma (AGS), colorectal
adenocarcinoma (CaCo-2), lung carcinoma (NCI-H460), and breast carcinoma (MCE-7).
The cell lines were maintained in accordance with the manufacturer’s recommendations
and used only up to a maximum of passage 50, to ensure their viability and quality
control [20]. A primary culture obtained from pig liver (PLP2) and established according
to the previously described procedure [21] was tested for hepatotoxicity. Ellipticine was
applied as a positive control. The results were expressed as Glsy values (ng/mL), which
represent the extract concentration accountable for 50% inhibition of cell proliferation.
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2.9. Nitric Oxide Production Inhibition

The capacity of the extracts to inhibit the nitric oxide (NO) production (anti-inflam-
matory activity) within a range of concentrations (from 400 to 6.25 ng/mL) was studied
using a lipopolysaccharide (LPS)-stimulated murine macrophage cell line (RAW 264.7).
NO production was quantified based on the nitrite concentration utilizing the Griess
Reagent System kit [22]. Dexamethasone (50 mM) was used as a positive control, while
cells with and without LPS were tested as the negative control. The results were expressed
as ECs5g values (ug/mL), representing the extract concentration responsible for 50% of NO
production inhibition.

2.10. Statistical Analysis

All bioactivity and phenolic composition tests were conducted in triplicate, and the
outcomes were presented as the mean values along with the corresponding standard
deviations (SD). The results (except for those pertaining to the antibacterial activity) were
analyzed using Student’s t-test in order to determine the significant difference between two
different samples with a 5% significance level (Version 25, IBM Corp., New York, NY, USA).

3. Results
3.1. UHPLC-DAD-ESI-IT-MS Analysis of Phenolic Compounds

The hydroethanolic extraction of waste cork (WCE) and phloem (PE) extracts ob-
tained by maceration resulted in 4.4% and 2.4% extract yields, respectively. The phenolic
compounds were tentatively identified in waste cork and phloem based on their chromato-
graphic and UV-Vis characteristics, as well as fragmentation patterns (Figure 2, Table 1).
The phenolic profile of the samples was similar and composed principally of phenolic acids
and ellagic acid, with gallic acid glucosides being the major phenolic compounds identified
(Table 1).

Epicatechin was not detected in waste cork and phloem. This suggests that tannins
in waste cork and phloem are predominantly of the hydrolysable tannin type and that
condensed tannins are not major components.
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Figure 2. Representative chromatograms of (a) WCE at 280, 330 and 370 nm, respectively; (b) PE at
280 and 370 nm. Peak numbers are given in Table 1.

Table 1. Chromatographic (retention time) and spectral (UV, MS, and MS/MS) data and suggested
assignment of phenolic compounds, and content of phenolic compounds (mg/g extract) in Q. cerris
waste cork (WCE) and phloem (PE) hydroethanolic extracts (mean + SD, n = 3).

* Student’s

Rt A Max - 2 3 mg/g Extract t-Test
Peak (min) (am) [M — H] MS MS Compound p-Value
WCE PE
1 517 264 477 183 169, 124 Methyl %ael)l(zt:iaze“tosyl‘ 4574001 3214001 <0.001
2 5.39 - 345 183 169, 124 Methyl gallate hexoside 0.12 £ 0.03 tr -
3 5.78 5.78 260, 292 153 - Protocatechuic acid 1.62 + 0.01 1.35 £ 0.01 <0.001
4 10.45 323 179 - - Caffeic acid 0.72 £ 0.01 - -
573,447,403,
5 15.56 279 787 617, 635 313,279,235 Tetragalloylglucose 0.49 £ 0.04 - -
6 19.08 366 301 - - Ellagic acid 2.35 +0.07 1.62 +0.01 <0.001
7 19.14 - 491 359 344,313 Isolariciresinol pentoside ~ 2.21 £0.01  1.38 £0.12 <0.001
8 21.8 - 187 169, 125 - Gallic acid monohydrate - tr -
9 25.21 - 461 315 300 Methyl ellagic acid 134+£001 1334001 0.001
rhamnoside

tr—traces; standard calibration curves used for quantification: gallic acid (y = 131.538x + 292.163, R? = 0.9969,
LOD =8.05 ug/mL; LOQ = 24.41 ug/mL, peaks 1, 2 and 5), protocatechuic acid (y = 214.168x + 27.102, R? =0.9999,
LOD = 0.14 ug/mL; LOQ = 0.52 pg/mL, peak 3), caffeic acid (y = 533.585x + 1 x 106, R? = 0.9909, LOD = 0.78
pg/mL; LOQ = 1.97 pg/mL, peaks 4), and ellagic acid (y = 26.719x — 31.7255, R2 =0.9986, LOD = 0.41 ug/mL;
LOQ =1.22 ug/mlL, peaks 6, 7, and 9); * Mean statistical differences obtained using the t-Student test; [M — H]~:
Deprotonated molecule; MS?: First stage product ion spectra; MS3: Second stage product ion spectra.

3.2. Ex Vivo Antioxidant Activity

Waste cork and phloem showed antioxidant activity as confirmed by the cell-based
TBARSs and OxHLIA methods, with TBARSs indicating a lower antioxidant activity (ECsp)
and OxHLIA a stronger antioxidant activity (ICsp) when compared to Trolox (Table 2).
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Table 2. Antioxidant activity by lipid peroxidation (TBARSs) and oxidative hemolysis inhibition
(OxHLIA) of Q. cerris waste cork (WCE) and phloem (PE) extracts (mean £ SD, n = 3).

TBARSs ECs (ug/mL) OXHLIA ICs; (ug/mL)

WCE 79 +4 21 £1
PE 660 + 80 13.9+0.8
Trolox 54 £3.0 19.7 £ 0.4
* Student’s t-Test p-Value <0.001 <0.001

* Mean statistical differences obtained by ¢-Student test.

3.3. Antibacterial and Antifungal Activity

The current study presents the first detailed antimicrobial activity profile for waste
cork and phloem of Q. cerris bark.

Both waste cork and phloem extracts showed antibacterial activities against Gram-
positive and Gram-negative bacteria (Table 3) isolated from food sources and clinical
specimens, as well as against methicillin-resistant bacteria (MRSA). However, their antimi-
crobial activities were much lower than those of the antibiotics used as reference.

Table 3. Antibacterial activity of hydroethanolic extracts of Q. cerris waste cork (WCE) and phloem
(PE) (mg/mL) against Gram-negative and Gram-positive bacteria isolated from food sources and
clinical specimens.

Antibacterial Activity

WCE PE Streptomycin * Methicillin * Ampicillin *

Food Isolates

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

Gram-negative bacteria

E. cloacae 5 >10 5 >10 0.007 0.007 n.t. n.t 0.15 0.15

E. coli 5 >10 5 >10 0.01 0.01 n.t. n.t. 0.15 0.15

P. aeruginosa 10 >10 10 >10 0.06 0.06 n.t. n.t. 0.63 0.63

S. enterica 5 >10 5 >10 0.007 0.007 n.t. n.t. 0.15 0.15

Y. enterocolitica 2.5 >10 2.5 >10 0.007 0.007 n.t. n.t. 0.15 0.15
Gram-positive bacteria

B. cereus 10 >10 10 >10 0.007 0.007 n.t. n.t. n.t. n.t.

L. monocytogenes 10 >10 10 >10 0.007 0.007 n.t. n.t. 0.15 0.15

S. aureus 2.5 >10 5 >10 0.007 0.007 0.007 0.007 0.15 0.15

Clinical isolates

Gram-negative bacteria

E. coli 2.5 >10 2.5 >10 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.

K. pneumoniae 5 >10 5 >10 10 >10 <0.0078  <0.0078 n.t. n.t.

M. morganii 5 >10 5 >10 >10 >10 <0.0078 <0.0078 n.t. n.t.

P. mirabilis 5 >10 5 >10 <015 <0.15 <0.0078 <0.0078 n.t. n.t.

P. aeruginosa 10 >10 10 >10 >10 >10 0.5 1 n.t. n.t.
Gram-positive bacteria

E. faecalis 5 >10 5 >10 <0.15 <0.15 n.t. n.t. <0.0078  <0.0078
L. monocytogenes 10 >10 5 >10 <0.15 <0.15  <0.0078 <0.0078 n.t. n.t.
MRSA 5 >10 5 >10 <0.15 <0.15 n.t. n.t. 0.25 0.5

* Positive controls; n.t.: not tested; MRSA: methicillin-resistant Staphylococcus aureus; MIC: minimum inhibitory
concentration; MBC: minimum bactericidal concentration.

Waste cork and phloem extracts also exhibited antifungal activities (Table 4), although
they were lower than those of the ketoconazole that we used as a reference.
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Table 4. Antifungal activities of hydroethanolic extracts of Q. cerris waste cork (WCE) and phloem
(PE) (mg/mL).

WCE PE Ketoconazole *
MIC MEFC MIC MFC MIC MEFC
A. brasiliensis 5 >10 5 >10 0.06 0.125
A. fumigatus 10 >10 5 >10 0.5 1

* Positive control; MIC: minimum inhibition concentration; MFC: minimum fungicidal concentration.

3.4. Antiproliferative, Hepatotoxicity, and Inhibition of NO Production Activities

Antiproliferative assays measure the ability of extracts to inhibit cell proliferation and
are particularly useful for evaluating the potential efficiency of different drugs against
tumor cells, while the side effect of the extracts can be assessed by hepatotoxicity assays.

Hydroethanolic extracts of waste cork and phloem from Q. cerris bark exhibit the
capacity to interfere with the normal proliferation of several studied cancer cell lines
(Table 5), including gastric cancer, lung cancer, colon cancer, and breast cancer cell lines, as
well as non-tumor cell lines.

Neither waste cork nor phloem extracts exhibit NO production inhibition properties
(Table 5), i.e., the ability to reduce or inhibit inflammation.

Table 5. Antiproliferative, hepatotoxicity, and inhibition of NO production activities of hydroethanolic
extracts of Q. cerris waste cork (WCE) and phloem (PE) (mean =+ SD, 1 = 3).

WCE PE Positive Control Student’s £-Test

p-Value
- - - - a
T Tamor el L

AGS 173+ 6 230 £ 8 1.23 £0.03 <0.001
CaCO, 238 £10 167 £ 10 1.21 +0.02 <0.001

NCI-H460 247 £ 19 >400 1.03 £ 0.09 -
MCE-7 230 + 10 138 +£ 17 1.02 £ 0.02 <0.001

Hepatotoxicity (Gl5p pg/mL) ?
PLP2 226 £15 >400 14+0.1 -
Inhibition of NO production (ECsp ug/mL) b Dexamethasone
RAW 264.7 >400 >400 6.3+04 -

2 Glsp: extract concentration required for 50% inhibition of cell proliferation); b ECyy: extract concentration
required to achieve 50% inhibition of NO production.

4. Discussion

The mild maceration yielded much less extract compared to extractions using harsher
conditions such as an extended time and higher temperature and compared with cyclic
Soxhlet and soxtec extractions. In fact, the extract yields obtained via Soxhlet extraction
of the same waste cork and phloem samples were 2.5 and 1.7 times higher (Table 6) [23].
The extract yields depended on the material and were higher for the waste cork than for
phloem (1.8 times higher). Other studies also showed different extract yields for different
plant tissues, e.g., in Pseudotsuga menziesii bark, the polar extractives amounted to 23.5%
and 27.3% in cork and phloem, respectively [24]. In carrots (Daucus carota L.), extract yields
decreased from peel to phloem and xylem [25], and in olive trees extract yields were higher
in the bark than in wood [23].
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Table 6. Extraction yields (%) of Q. cerris waste cork and phloem and comparison with yields reported
in the literature.

Extraction Extraction Extraction Extraction

Sample Time (h) Temperature (°C) Method Agent Yield (%) Reference
Waste cork 2 25 Maceration 44 This work

Phloem 2 25 Maceration }?gg/lzéwite)r 24 This work
Pure cork 2 25 Maceration 0o 3.0 [26]
Waste cork 18* 75-100 ** Soxhlet EtOH (100%) 7.4 [12]

Phloem 18* 75-100 ** Soxhlet followed by 5.9 [12]
Pure cork 1.5* 75-100 ** Soxtec H,O (100%) 5.8 [7]

* With each solvent; ** 75 °C for EtOH extraction and 100 °C for H,O extraction.

The hydroethanolic extract yield of waste cork was 46.7% higher than that reported
for pure cork that was also obtained by maceration (Table 6). The same was reported for
extractions using Soxhlet extractions, for which there was a 27.6% difference [12]. Since the
extraction of the phloem fraction always results in a lower yield than that of waste cork,
this suggests that the phloem tissues that accompany the cork in the waste cork fractions,
most probably corresponding to the phloem layers included in the rhytidome, have a
higher extract content than that of the bark phloem. This may be caused by an enrichment
in secondary metabolites in the phloem layers that accompany the process of traumatic
periderm formation that is at the base of rhytidome development.

Although the extract yields of waste cork and phloem were relatively low when this
mild hydroethanolic extraction method was used, they are still significant and valuable for
biorefineries, especially when purity and selectivity are major concerns. Since maceration
extraction is performed at low temperature, the bioactive compounds present in the extracts
may be protected from thermal degradation, e.g., the decrease in certain phenolic com-
pounds such as quercetin with increased extraction temperature may be avoided [27,28].
Therefore, maceration should be considered as a special biorefinery process when targeting
bioactive bark extracts. On the other hand, an overall higher extract yield as well as a
hemicellulose fraction may be obtained from barks by other, more intensive biorefinery
processes [9,29,30]. Therefore, both “low-yield and selective” and “high-yield and exten-
sive” biorefinery processes may be applied to different barks, namely to oak barks, which
usually contain similar or higher phenolic extractive contents and compositions [3].

Waste cork contained a slightly higher amount of phenolic compounds than phloem
(Table 1). The phenolic compounds shown on chromatographic peaks 3, 4, and 6 were
identified through comparison with authentic standards. Peaks 1, 2, and 7 yielded de-
protonated ions at m/z 477, 345, and 187, respectively, and fragment ions at m/z 169 and
124, indicating the presence of gallic acid derivatives [28]. Additionally, the fragment
ions at m/z 183 appearing in both peaks 1 and 2 suggest the presence of methyl gallate
structures [31]. The neutral losses of 294 Da (in peak 1) and 162 Da (in peak 2) imply the
loss of pentose and hexose moieties. Therefore, peaks 1 and 2 were assigned as methyl
gallate-pentosyl-hexoside and methyl gallate hexoside, respectively. Compound 7 had a
deprotonated molecule at 7/z 491 and base peak in MS? at m/z 359, denoting the neutral
loss of 132 that was attributed to a pentose group, followed by fragment ions (1m/z 344,
313) that were previously described for isolariciresinol in conifer woods [32]. Therefore,
compound 7 was tentatively identified as isolariciresinol pentoside. Peak 8 (M — H] atm/z
187) also shows fragment ions at m/z 169 and 125, indicating another gallic acid derivative.
The difference between compound 8 and gallic acid’s molecular weight is 18 Da, suggesting
that this compound can be a gallic acid monohydrate. This compound has been found in
Dendranthema indicum flowers and sorghum wholegrains [33,34]. Peak 5 was another gallic
acid derivative that was found in the samples. It showed [M — H]™ at m/z 787 and the
presence of m/z 313, suggesting the presence of galloyl glucose [31], while the successive
loss of 152 moieties implies the presence of other galloyl groups in the molecules. Therefore,
peak 5 was identified as tetragalloylglucose [31]. Peak 9 exhibited [M — H] ™ at m/z 461
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and fragment ions at m/z 315 (M — H]~ 146) and 300 (M — H]~ 146 — 15), which were
attributed to the successive loss of rhamnose and methyl groups linked to an ellagic acid.
From these data, peak 8 was assigned as methyl ellagic acid rhamnoside [31].

Caffeic acid and tetragalloyglucose were only detected in waste cork. Caffeic acid
exhibits antioxidant activities [35] and inhibits leukotriene biosynthesis [36]. Tetragal-
loylglucose (4GG) is the almost fully esterified form of glucose and showed bioactive
properties including inhibition of HIV integrase, inhibition of HCV protease, anti-cancer
activity against S-100 sarcoma, as well as inhibition of HBV antigen [37,38].

Ex vivo antioxidant tests enable a biologically relevant assessment of antioxidant
activity compared to in vitro chemical antioxidant tests. Because ex vivo tests involve living
cells or cells isolated from living organisms, which better simulate the complex biological
environment. In contrast, in vitro chemical antioxidant tests solely apply chemical methods
and do not involve living cells, thereby potentially failing to accurately predict how extract
compounds will behave in biological systems. The difference between the results of the
applied antioxidant tests may arise from the characteristics of the two tests, since the
TBARSs method measures the antioxidant activity of extracts against lipid-derived free
radicals, while OxHLIA method measures the antioxidant activity of extracts against a
broader range of free radicals (both lipid-derived and hydrophilic-derived).

In all cases, the ex vivo antioxidant tests confirmed the antioxidant activity of Q. cerris
bark extracts that had been previously detected by chemical methods in in vitro condi-
tions [13,14]. The ICs antioxidant activity (OxHLIA assay) of phloem was better than that
of Trolox, and above that of waste cork, which was similar to the results obtained for Trolox
(Table 3). The EC5y TBARSSs results showed poor antioxidant activity in relation to Trolox,
especially for phloem, indicating that the antioxidant bioactivity of these extracts mainly
relates to hydrophilic-derived radicals, as determined by the OxHLIA assay.

A biorefinery approach involving different extractive routes for screening lipophilic
and hydrophilic extractives seems to be particularly interesting for cork-rich barks. The
results also suggest that other oak barks may be similarly valorized in a biorefinery system,
even if only a few contain significant amount of cork. The antioxidant activity of waste
cork and phloem hydroethanolic extracts was stronger or comparable, respectively, to that
of Juglans regia green husks [39].

The microdilution method was selected to study the antimicrobial properties because
it is a widely used method for determining the minimum inhibitory concentration of
antibacterial or antifungal extracts. It has previously been reported that Q. suber and
Q. cerris cork extracts contain phenolic bioactive compounds and exhibit antimicrobial
activity [14,40-44]. The antimicrobial activity of the phenolic extracts of waste cork and
phloem is comparable to that of phenolic extracts of Rhizipora racemosa [45].

Waste cork hydroethanolic extracts had a greater inhibitory effect against gastric
cancer and lung cancer cell lines with smaller Glsy values, while phloem extracts had a
greater inhibitory effect against colon and breast cancer cell lines (Table 5). Phloem extracts
do not exhibit hepatotoxicity for the PLP2 cell line, while cork extracts show a certain
hepatotoxicity. Interestingly, the anti-inflammatory activity (measured by Inhibition of NO
Production) of cork extracts was previously reported for Q. suber cork in Portugal [41] which
may indicate the effect of cork species on the anti-inflammatory activity. Our results agree
with previous results on the variability in the bioactivity in different plant tissues [46,47].

Thus, the overall results suggest that hydroethanolic extracts of waste cork and phloem
from Q. cerris bark from Turkey contain bioactive compounds that appear to be effective
against certain tumor cells such as gastric, colon, and breast cell cancer cell lines, but they do
not show anti-inflammatory activity. The hepatotoxicity of cork and phloem extracts differs
therefore, hepatotoxicity screening of the hydroethanolic extracts for specific compounds
should be performed prior to possible drug development.
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5. Conclusions

Waste cork and phloem fractions obtained from fractionation of Quercus cerris bark
were extracted using a hydroethanolic solvent under mild maceration conditions, and the
phenolic components and biologically active properties of the extracts were determined.

The following specific conclusions were drawn in this study:

1.  The hydroethanolic maceration of waste cork had higher extract yield than that of
phloem.

2. Gallic acid glucosides, phenolic acids, and ellagic acid were identified in waste cork
and phloem fractions.

3. The antioxidant activity of waste cork exceeded that of phloem and was comparable
to pure cork.

4. Waste cork and phloem extracts may be associated with antiproliferation of gastric,
colon, and breast tumor cell lines.

5. Phloem extracts did not exhibit hepatotoxicity.

6.  The bioactivities of waste cork and phloem extracts vary considerably, with distinct
antioxidant, antimicrobial, and antiproliferative activities.

Further research should explore the phenolic composition and the bioactive potential
of extracts from waste fractions of other cork-rich barks.
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