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Abstract: The bioactive properties of underutilized corks such as Quercus cerris cork and planted
Quercus suber cork in the Eastern Mediterranean are not well-known but are crucial in developing
lignocellulosic biorefineries. To assess their biological potential, hydroethanolic cork extracts of Quer-
cus cerris and Quercus suber were analyzed for phenolic composition, antioxidant, antiproliferative,
antimicrobial activities, and hepatoxicity, as well as NO-production inhibition. Here, we show that
a mild hydroethanolic extraction of Q. cerris and Q. suber corks yielded 3% phenolic extracts. The
phenolic composition was similar in both cork extracts, with phenolic acids and ellagitannins as the
primary compounds. The bioactivity of hydroethanolic cork extracts from Q. cerris surpassed that of
Q. suber and showed effectiveness against all cancer cell lines tested. This first comprehensive study
on the bioactivities of different corks involves detailed characterizations of phenolic compounds of
cork extracts using UPLC-DAD-ESI/MSn, evaluations of the antioxidant properties with TBARS and
OxHLIA methods, evaluation of antiproliferative activity against gastric (AGS), lung (NCI-H460),
colon (CaCo2), and breast cancer (MCF7) cell lines, as well as evaluations of hepatotoxicity and
NO-production inhibition. The findings from this study will help bolster the potential of using
underutilized cork-rich barks as a valuable resource in bark-based biorefineries.

Keywords: cork; Quercus; antioxidant; antiproliferative activity; antimicrobial activity

1. Introduction

Cork, also known as phellem in plant anatomy, is a component of periderms in tree
barks [1]. In most tree species, the proportion of cork in the bark is small, but a few species
have a high proportion of cork, resulting in cork-rich barks. In some species, the bark
has a single periderm with a substantial cork layer. Quercus suber, commonly known as
cork oak, is an example of such a tree species that develops a thick layer of cork. This
cork layer can be sustainably harvested through periodic peelings, typically carried out
at 9-year intervals in the most important production regions. The production of cork
is primarily concentrated in the western Mediterranean region, with Portugal being the
world’s leading cork producer, followed by Spain [2]. In other species, multiple periderms
are formed which, together with the phloem layers that separate them, constitute the bark
rhytidome. An example of a species with a cork-rich rhytidome is Quercus cerris, commonly
known as Turkey oak, in which the successive periderms incorporate significant cork layers.
Using cork from Q. cerris requires the separation of cork from the phloem fractions that
compose the rhytidome, which can be achieved through trituration and granulometric and
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densimetric fractionation, thereby producing pure cork as well as several residual cork and
phloem fractions [3].

Cork contains a significant proportion of extractives of both lipophilic and polar nature.
The lipophilic extractives of corks from both species have a similar chemical composition,
comprising alkanes, fatty acids, other aliphatic acids, fatty alcohols, and the pentacyclic
triterpenoid friedelin [3]. Friedelin has been reported to have promising properties, such
as antioxidant, anti-inflammatory, analgesic, and antipyretic [4,5]. The cork of Q. cerris
contains a noteworthy amount of polar extractives (5.6% of cork dry weight), but its phe-
nolic composition is currently unknown. Given the chemical similarity of Q. suber and
Q. cerris corks, a similar phenolic profile may be expected [3]. The phenolic composition of
Q. suber cork polar extracts includes at least five different groups of compounds such as the
following: (i) derivatives of benzoic and cinnamic acids, including gallic, protocatechuic,
vanillic, caffeic, ferulic, and ellagic acids; (ii) protocatechuic aldehyde, vanillin, coniferyl
aldehyde, and sinapic aldehyde; (iii) coumarin derivatives, including aesculetin and scopo-
letin; (iv) catechin and epicatechin; and (v) flavonoid glycosides [6–11]. The phenolic
compounds of cork extracts from Q. suber from Portugal have shown strong antioxidant
activity [12]. However, the phenolic composition of cork extracts from Q. suber trees grown
outside of the species’ natural distribution area is unknown, and may differ, as the phenolic
composition and antioxidant activities of plants’ secondary metabolites show geographical
variation [13,14].

Cork extractives have been receiving increasing attention due to their chemical propri-
eties, particularly their bioactivity, which holds potential application in pharmaceutical,
healthcare, cosmetics, and food industry [15–17]. Biochemical parameters, such as antioxi-
dant activity, antimicrobial activity, and cytotoxicity, are crucial for evaluating the bioactive
potential of biomass extracts, as they can provide benefits to human health when consumed
or applied. Therefore, information on the phenolic composition is essential for screening
bioactive properties from underutilized or undervalued species like Q. cerris.

This work aims to fill the knowledge gap regarding the bioactive properties and the
phenolic composition of hydroethanolic extracts of Q. cerris cork, as well as of Q. suber
cork grown outside of its natural distribution area, from a biorefinery perspective. Since
biorefineries are applied to produce value-added materials and chemicals, the aim is to
contribute to the valorization of underutilized cork-rich species through the characterization
of their biologically relevant extracts. In this way, hydroethanolic cork extracts from Q. cerris
and Q. suber trees grown in Turkey were examined, and their antioxidant, antiproliferative,
NO-production inhibition, and antimicrobial properties were determined.

2. Materials and Methods
2.1. Materials

Raw bark chunks from mature Quercus cerris L. trees were collected in Kahramanmaras,
Turkey in 2015, while Quercus suber planks were obtained from a cork oak plantation in
Izmir, Turkey in 2015. The bark samples were kept in laboratory conditions (20 ◦C) until
granulate preparation.

2.2. Granulate Preparation

Good-quality grade Q. cerris cork granulates with a diameter of 5–7 mm, characterized
by absence of phloem, were obtained through a pilot-scale grinding and fractionation of
the bark. These granulates were subsequently re-granulated and sieved to produce cork
particles ranging from 40 to 60 mesh (250–420 µm). For Q. suber, planks of virgin cork
were stripped from cork oak trees, mechanically reduced to 1–2 mm particles, and further
granulated to the same 40–60 mesh size. Each of the cork granulates were air-dried for a
minimum of 7 days at room temperature (20 ◦C), and stored in sealed bags.
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2.3. Extract Preparation

Approximately 3 g cork samples were extracted with hydroethanolic solutions by stir-
ring (150 rpm) in 50 mL of ethanol/water (80:20, v/v) at 25 ◦C for 60 min, and subsequently
filtering the mixture through Whatman® No. 4 filter paper. After the initial extraction,
the samples underwent a second 60 min extraction with an additional 50 mL of the hy-
droethanolic solution, as previously described. The combined extracts were concentrated
under reduced pressure at 40 ◦C and 150 mbar using a Büchi R-210 rotary evaporator
(BÜCHI Labortechnik AG, Flawil, Switzerland) and then lyophilized using a FreeZone 4.5
(Labconco, Kansas City, MO, USA).

2.4. LC-DAD-ESI-MSn Analysis of Phenolic Compounds

The hydroethanolic extracts prepared above were dissolved in ethanol/water (20:80,
v/v) to a final concentration of 10 mg/mL, and then filtered through 0.22 µm disposable
filter disks. The analysis was carried out using a Dionex Ultimate 3000 UPLC (Thermo
Scientific, San Jose, CA, USA), supplied with a DAD detector (280, 330, and 370 nm as
the chosen wavelength) and combined with an electrospray ionization mass detector. A
detailed description of the chromatographic and mass spectrometry conditions can be
consulted in a previous study [18].

The identification of each phenolic compound was focused on the chromatographic
data obtained (retention time, UV-Vis spectra, and mass spectra), and compared with
existing standard compounds or earlier-defined data in the literature, using the Xcalibur®

software (ThermoFinnigan, San Jose, CA, USA). The quantification of phenolic compounds
was carried out using calibration curves constructed from standards, which were based
on their UV signals. When a standard compound was not available, the most structurally
similar compound from the literature was used for quantification [18]. The area of the
peaks was obtained through manual integration using the baseline-to-valley information
mode with baseline projection. The results were expressed in mg per g of the extract.

2.5. Antioxidant Activity

The antioxidant activity in the hydroethanolic extracts was assessed through two
biochemical-based assays: the thiobarbituric acid reactive substances (TBARS) assay and
the oxidative hemolysis (OxHLIA) assay.

For the TBARS assay, the extracts were dissolved in water and diluted to concentrations
ranging from 10 mg/mL to 0.3125 mg/mL. The inhibition of lipid peroxidation in porcine
(Sus scrofa) brain cell homogenates was determined by measuring the decrease in TBARS
and the color intensity of the malondialdehyde–thiobarbituric acid (MDA–TBA) complex,
with absorbance measured at 532 nm.

The lipid peroxidation inhibition ratio (%) was calculated using the following formula
(Equation (1)):

A − B
A

× 100 (1)

where A and B represent the absorbance of the blank and extract samples, respectively.
The results are presented as the extract concentration (mg/mL) required for 50% inhibition
(EC50), representing the sample concentration providing 50% antioxidant activity. EC50
values were calculated from the graph of percentage inhibition plotted against the extract
concentration. Trolox (Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control.

The anti-hemolytic activity of the extracts was assessed using the OxHLIA assay
with red blood cells (RBCs) isolated from healthy sheep. A solution of erythrocytes (2.8%,
v/v; 200 µL) was mixed with 400 µL of either extract solution (0.0938–3 mg/mL) in PBS
(phosphate-buffered saline: 150 mM NaCl, 8.1 mM Na2HPO4, and 1.9 mM NaH2PO4, pH
7.4), or with water for complete hemolysis. After pre-incubation at 37 ºC for 10 min with
shaking, AAPH (200 L, 160 mM in PBS, from Sigma-Aldrich, St. Louis, MO, USA) was
added, and the optical density was measured at 690 nm every 10 min in a microplate reader
(Bio-Tek Instruments, ELX800, Santa Clara, CA, USA) until complete hemolysis.
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The results were expressed as IC50 values (µg/mL) at ∆t of 60, representing the extract
concentration required to protect 50% of the erythrocyte population from hemolysis. Trolox
was also used as a positive control.

2.6. Antiproliferative and NO-Production Inhibition

The antiproliferative activity of the hydroethanolic extracts was assessed within a
range of concentrations from 400 to 6.25 µg/mL, as previously described [19], using
the sulforhodamine B (Sigma-Aldrich, St. Louis, MO, USA) colorimetric assay against
three human tumor cell lines: gastric adenocarcinoma (AGS), colorectal adenocarcinoma
(CaCo-2), lung carcinoma (NCI-H460) and breast carcinoma (MCF-7). The cell lines AGS
(Catalogue No. 89090402) and CaCo-2 (Catalogue No. 860102022) 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. 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. A primary
culture obtained from pig liver (PLP2) was also tested. Ellipticine was applied as a positive
control. The results were expressed as GI50 values (µg/mL), which represent the extract
concentration accountable for 50% inhibition of cell proliferation.

The capacity of the extracts to inhibit the nitric oxide (NO) production within a
range of concentrations (from 400 to 6.25 µg/mL) was studied using a lipopolysaccharide
(LPS)-stimulated murine macrophage cell line (RAW 264.7, Catalogue No. 91062702)).
This cell line was commercially obtained from the European Collection of Authenticated
Cell Cultures—ECACC. NO production was quantified based on the nitrite concentration
utilizing the Griess Reagent System kit and based on previously described protocols [20].
Dexamethasone (50 mM) was used as a positive control, and cells with and without LPS
were tested as the negative control. The results were expressed as EC50 values (µg/mL),
representing the extract concentration responsible for 50% of NO production inhibition.

2.7. Antimicrobial Activity

Five Gram-negative bacteria (Enterobacter cloacae, Escherichia coli, Pseudomonas aerugi-
nosa, Salmonella enterica, and Yersinia enterocolitica), as well as three Gram-positive bacteria
(Bacillus cereus, Listeria monocytogenes, and Staphylococcus aureus), isolated from food, were
selected to test the antibacterial activity of the hydroethanolic extracts.

Five Gram-negative bacteria (E. coli, Klebsiella pneumoniae, Morganella morganii, Proteus
mirabilis, and P. aeruginosa), along with three Gram-positive bacteria (Enterococcus faecalis,
L. monocytogenes, and Methicillin-resistant Staphylococcus aureus (MRSA)) were chosen as
clinical isolates for evaluating the antibacterial activity of the hydroethanolic extracts.

For antifungal activity, two micromycetes were used, namely, Aspergillus brasiliensis
and A. fumigatus. The microdilution method was performed to determine the minimum
inhibitory, bactericidal and fungicidal concentrations (MICs, MBCs, and MFCs, expressed
in mg per mL). The positive controls used were streptomycin, methicillin, ampicillin and
ketoconazole (Sigma-Aldrich, St. Louis, MO, USA), whereas the negative control was 5%
dimethyl sulfoxide (DMSO).

2.8. Statistical Analysis

All the experiments and measurements were carried out in triplicate and the results
were expressed as mean ± standard deviation (except for the antimicrobial analysis).
The SPSS Statistics Software (IBM SPSS Statistics for Windows, Version 22.0., IBM Corp.,
Armonk, NY, USA) was used to assess significant differences among the two samples by
applying a two-tailed paired Student’s t-test.
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3. Results and Discussion
3.1. Phenolic Composition

The assignment of phenolic compounds in the Q. cerris and Q. suber cork samples
is shown in Table 1, and the corresponding quantification is given in Table 2. Com-
pounds were tentatively identified based on chromatographic behavior (Supplementary
Figures S1 and S2), UV-Vis absorption spectra, and fragmentation pattern. Protocatechuic
acid (peak 3), caffeic acid (peak 4), epicatechin (peak 5), ferulic acid (peak 6), and ellagic
(peak 7) were identified by comparison with authentic standards.

Peaks 1, 2, and 8 presented deprotonated molecules at m/z 477, 345, and 187, respec-
tively. They showed characteristic fragments of gallic acid in MS² (m/z 169 and m/z 125),
suggesting they are gallic acid derivatives. These compounds were tentatively assigned as
methyl gallate-pentosyl-hexoside and methyl gallate hexoside, due to the neutral losses of
162 and 132 Da (corresponding to hexose and pentose moieties) and 15 Da (attributed to a
methyl group), and gallic acid monohydrate.

Peak 9 gave molecular ion at m/z 461, and fragments at m/z 315 (M-H-146)- and
300 (M-H-146-15)-. Although UV-Vis spectra were poorly informative, it was possible to
observe the presence of a λmax around 365 nm, suggesting that peak 8 was an ellagic-
acid derivative. Based on this data, this compound was identified as methyl ellagic acid
rhamnoside [21,22]. Interestingly, derivatives of cinnamic acid and coumarins were not
found in either cork extract, possibly due to the applied mild-maceration methods which
resulted in lower phenolic content than the extended-time extraction methods such as the
Soxhlet method. Q. cerris cork showed a phenolic profile akin to that of Q. suber cork, but
with a higher phenolic content. Additionally, Q. cerris cork contained flavonoids, such as
epicatechin, which were absent in Q. suber cork. Previous reports already indicated the
presence of proanthocyanidins in Q. suber cork [6]. Ellagic acid emerged as the primary
phenolic compound detected in both extracts, with protocatechuic acid, ferulic acid, and
gallic acid derivatives following suit, aligning with earlier findings [6,7].

Table 1. Chromatographic and spectral data and suggested assignment of phenolic compounds.

Peak Rt (min) λ Max (nm) [M − H]–

(m/z) MS² MS³ MS4 Assignment

1 5.17 264 477 183 169, 125 - Methyl
gallate-pentosyl-hexoside

2 5.39 - 345 183 169, 125 - Methyl gallate hexoside
3 5.78 5.78 260, 292 153 - - Protocatechuic acid
4 10.45 323 179 - - - Caffeic acid
5 10.45 - 289 - - - Epicatechin
6 18.06 321 193 - - - Ferulic acid
7 19.08 366 301 - - - Ellagic acid
8 21.8 - 187 169, 125 - - Gallic acid monohydrate
9 25.21 363 461 315 300 - Methyl ellagic acid rhamnoside

10 27.92 - 551 343 328 313 5,6-Dihydroxy-7,3′,4′-
Trimethoxyflavone hexoside

Table 2. Quantification of the phenolic compounds present in Q. cerris and Q. suber cork hydroethano-
lic extracts.

Compound
Quantification (mg/g of Extract) Student’s t-Test p-Value

Q. cerris Cork Q. suber Cork

Methyl gallate-pentosyl-hexoside 1.5 ± 0.2 - -
Methyl gallate hexoside 0.16 ± 0.01 - -
Protocatechuic acid 2.5 ± 0.10 0.94 ± 0.02 <0.001
Caffeic acid 0.6 ± 0.10 0.83 ± 0.01 <0.001
Epicatechin 2.5 ± 0.50 - -
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Table 2. Cont.

Compound
Quantification (mg/g of Extract) Student’s t-Test p-Value

Q. cerris Cork Q. suber Cork

Ferulic acid 0.66 ± 0.01 1.05 ± 0.004 <0.001
Ellagic acid 2.7 ± 0.30 1.21 ± 0.01 <0.001
Gallic acid monohydrate - tr -
Methyl ellagic acid rhamnoside 1.40 ± 0.02 1.25 ± 0.01 <0.001
5,6-Dihydroxy-7,3′,4′-Trimethoxyflavone hexoside - 0.49 ± 0.01 -

-: not analyzed; tr: traces; calibration curves used are the following: gallic acid: y = 131,538x + 292,163; caffeic
acid: y = 533,585x + 106; epicatechin: y = 10,314x + 147,331; ellagic acid: y = 26,719x − 317,255; potocatechuic acid:
y = 214,168x + 27,102; quercetin-3-O-glucoside: y = 34,843x − 160,173. Significant differences (p < 0.001) between
extracts were assessed by a Student’s t-test.

The antioxidant and antimicrobial properties of plant extracts are closely tied to the con-
tent and composition of phenolic compounds, with phenolic acids and ellagitannins being
the primary contributors to antioxidant activity [23]. Furthermore, various Gram-positive
and Gram-negative bacteria showed varying sensitivities to phenolic compounds [24]. To
assess these activities, bioactive assays were conducted on the hydroethanolic extracts of Q.
cerris and Q. suber cork, as discussed below.

3.2. Extraction Yield and Antioxidant Activity

The hydroethanolic maceration extraction produced approximately 3% yield from both
cork samples, as shown in Table 3. The mild conditions employed during this extraction
method resulted in lower extract yields compared with those obtained through prolonged
extraction with higher temperatures. Maceration is the preferred method when targeting
bioactive compounds, as it limits their degradation under the applied room temperature
and short-extraction-time conditions. This was particularly relevant in this study, which is
centered on exploring the bioactive properties of the cork extracts. Nevertheless, it should
be noted that the extraction yield is a significant parameter for assessing biomass feedstocks
in the context of biorefineries, and although the focus of this study was not to optimize
extraction yields, this should be addressed in further studies.

The antioxidant activity of Q. cerris and Q. suber corks is presented in Table 3. Both
corks showed antioxidant activity, which was confirmed by two different and physiolog-
ically relevant antioxidant assays. Q. cerris cork hydroethanolic extract showed higher
antioxidant activity when comparing the values of effective concentration (EC50, 96 µg/mL)
and inhibitory concentration (IC50, 35 µg/mL) to those of Q. suber cork extract (759 and
49 µg/mL, respectively). These findings align with previous studies on Q. suber cork ex-
tracts [12,25,26]. It is important to note that the results from the current study represent the
first assessment of antioxidant activity in cork hydroethanolic extracts using physiologically
relevant methods, in contrast to the commonly employed in vitro methods such as DPPH,
to which they cannot be directly compared.

The polar extracts of Q. suber corks from Portugal and Algeria showed antioxidant
activity, as determined by their DPPH scavenging ability, with IC50 values of 2.12 µg/mL
and 5.69 µg/mL, respectively [25,26].

Table 3. Extraction yield, antioxidant activity, antiproliferative, and NO-production inhibition
activities of the Q. cerris and Q. suber cork hydroethanolic extracts.

Q. cerris Cork Q. suber Cork Student’s
t-Test p-Value

Extraction yield (%) 3.0 2.8 0.226

Antioxidant activity

TBARS (EC50; µg/mL) a 86 ± 1 759 ± 9 <0.001
OxHLIA ∆t = 60 min (EC50; µg/mL) b 35 ± 2 49 ± 3 <0.001
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Table 3. Cont.

Q. cerris Cork Q. suber Cork Student’s
t-Test p-Value

Antiproliferative activity (GI50 µg/mL) c

AGS 144 ± 10 211 ± 15 <0.001
CaCo-2 208 ± 1 >400 -
NCI-H460 208 ± 2 >400 -
MCF-7 210 ± 14 >400 -

Hepatotoxicity (GI50 µg/mL) c

PLP2 195 ± 5 >400 -

NO-production inhibition (EC50 µg/mL) d

RAW 264.7 >400 >400 -

-: not analyzed; a EC50: extract concentration corresponding to 50% of antioxidant activity (TBARS) or b extract con-
centration required to keep 50% of the erythrocyte population intact for 60 min (OxHLIA assay); c GI50: extract con-
centration responsible for 50% inhibition of cell proliferation; d EC50: extract concentration responsible for achiev-
ing 50% of the inhibition of NO-production. Positive controls—Trolox EC50 values: 5.4 ± 0.3 µg/mL (TBARS),
19.7 ± 0.4 µg/mL (OxHLIA, ∆t 60 min); Ellipticine GI50 values: 1.23 ± 0.03 µg/mL (AGS), 1.21 ± 0.02 µg/mL
(CaCo-2), 1.0 ± 0.1 µg/mL (NCI-H460), 1.02 ± 0.02 µg/mL (MCF-7) and 1.4 ± 0.1 µg/mL (PLP2); Dexamethasone
EC50 values: 6.3 ± 0.4 µg/mL (RAW 264.7). Significant differences (p < 0.001) between the two samples were as-
sessed by a Student’s t-test. AGS—gastric adenocarcinoma; CaCo-2—colorectal adenocarcinoma; NCI-H460—lung
carcinoma; MCF-7—breast carcinoma; PLP2—primary culture of pig liver cells; RAW 264.7—murine macrophage
cell line.

3.3. Antiproliferative and NO-Production Inhibition Activities

Certain plants show anti-proliferative effects on cancer cell lines, although they can
also have cytotoxic effects on healthy cell lines. This duality has prompted the screening of
plant extracts for their antiproliferative potential [27–30].

Therefore, both the antiproliferative and the NO-production inhibition activities are
crucial parameters for characterizing the bioactivity of cork extracts. Only a limited number
of authors have studied these properties on cork extracts, with one report available for
Q. suber [12]. To the best of our knowledge, this study represents the first report of these
properties for Q. cerris cork hydroethanolic extracts.

The obtained results are presented in Table 3, and suggest that Q. cerris cork extract
exhibits the capacity to interfere in the normal proliferation of several studied cancer
cell lines, including against AGS, CaCo-2, NCI-H460, and MCF-7 (GI50 between 144 and
210 µg/mL). Q. suber cork extract exhibits antiproliferative capacity only for the AGS cell
line (GI50 = 211 µg/mL); moreover, it does not exhibit hepatotoxicity for the PLP2 cell line.
These results are consistent with a prior report on Q. suber cork extracts and their effects
on colon cancer and breast cancer cell lines [12]. Interestingly Q. cerris cork had a stronger
growth-inhibitory activity than Q. suber cork.

The NO-production inhibition capacity was also studied, and the obtained results
demonstrated that the extracts did not exhibit the ability to inhibit the production of the pro-
inflammatory mediator nitric oxide at the concentrations tested [31]. The anti-inflammatory
activity of Q. suber cork extract was previously reported [15], whereas the anti-inflammatory
activity of Q. cerris cork extract is reported for the first time in this study.

3.4. Antimicrobial Activity

Plant extracts can have antimicrobial activity against bacteria and fungi, which varies
depending on the type of microorganism [24]. For instance, it may involve the disruption of
the cell membrane of both Gram-positive and Gram-negative bacteria [32], interfering with
protein synthesis, DNA replication, intermediary metabolism, and other mechanisms [33].
Similar mechanisms were reported for antifungal agents [34].

Antibacterial and antifungal activities of Q. suber and Q. cerris cork extracts were
previously reported in various studies [15,17,35–38]. Both corks showed antibacterial
activity against both Gram-positive and Gram-negative bacteria (Table 4). In general,
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Q. cerris cork showed lower inhibition concentrations for bacteria of relevance to food,
compared with those for Q. suber, while the opposite occurred for clinically isolated bacteria.

The antibacterial activity of cork extracts against Gram-negative bacteria is particularly
noteworthy. For example, Q. cerris cork showed an MIC value of 2.5 mg/mL for E. coli,
a spoiling bacterium in food products, and Y. enterocolitica, which is pathogenic. These
results suggest a higher antimicrobial effectiveness of Q. cerris cork extracts, given that
Gram-negative bacteria possess an additional lipopolysaccharide cell wall, making them
more resistant to antimicrobial agents. For Gram-positive bacteria, both extracts stood
out against S. aureus (MIC value of 2.5 mg/mL), another important pathogenic bacterium
causing a foodborne disease.

Another important result is the wide range of antibacterial activities demonstrated
by the hydroethanolic cork extracts against several bacteria, including those isolated from
food sources and clinical specimens. Notably, these extracts had significant activity against
methicillin-resistant bacteria (MRSA), which is a human pathogen responsible for a variety
of infections, including pneumonia, skin infections [39], and bloodstream infections [40],
and notorious for its resistance against penicillin antibiotics. Thus, the hydroethanolic
cork extracts show promising potential for commercial screening using a wide range of
bacteria. Unconventional corks, such as Q. cerris cork, may prove to be valuable sources for
producing cost-effective bioactive compounds that can be employed as food preservatives
or in medical applications.

In a previous study on waste Q. cerris cork with ethanol, methanol, acetone, and water
extracts, using the agar diffusion method, no antibacterial activity against Gram-negative
bacteria was observed. This suggests that the choice of the antimicrobial test method
significantly affects the results [17]. It appears that the serial dilution method offers higher
sensitivity for detecting antibacterial activity.

Cork extracts also displayed antifungal activities, as shown in Table 4. The antifungal
activity of the Q. cerris cork hydroethanolic extract exceeded that of Q. suber, consistent
with our previous antifungal test results against Candida albicans [17]. It is worth noting
that phenolic acids, flavonoids, and tannins have been reported to possess antifungal
properties [41]. Therefore, these compounds are likely responsible for the antifungal and
antibacterial properties of cork extracts.

Table 4. Antimicrobial activities of Q. cerris and Q. suber corks hydroethanolic extracts.

Antibacterial Activity Q. cerris Cork Q. suber Cork Streptomicin *
1 mg/mL

Methicilin *
1 mg/mL

Ampicillin *
10 mg/mL

Food isolates
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBCGram-negative bacteria

E. cloacae 5 >10 10 >10 0.007 0.007 n.t. n.t 0.15 0.15
E. coli 2.5 >10 10 >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 5 >10 0.007 0.007 n.t. n.t. 0.15 0.15
Gram-positive bacteria
B. cereus 10 >10 5 >10 0.007 0.007 n.t. n.t. n.t. n.t.
L. monocytogenes 5 >10 10 >10 0.007 0.007 n.t. n.t. 0.15 0.15
S. aureus 2.5 >10 2.5 >10 0.007 0.007 0.007 0.007 0.15 0.15
Clinical isolates
Gram-negative bacteria
E. coli 5 >10 2.5 >10 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.
K. pneumoniae 5 >10 2.5 >10 10 >10 <0.0078 <0.0078 n.t. n.t.
M. morganii 5 >10 2.5 >10 >10 >10 <0.0078 <0.0078 n.t. n.t.
P. mirabilis 2.5 >10 5 >10 <015 <0.15 <0.0078 <0.0078 n.t. n.t.
P. aeruginosa 5 >10 10 >10 >10 >10 0.5 1 n.t. n.t.
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Table 4. Cont.

Antibacterial Activity Q. cerris Cork Q. suber Cork Streptomicin *
1 mg/mL

Methicilin *
1 mg/mL

Ampicillin *
10 mg/mL

Gram-positive bacteria
E. faecalis 5 >10 10 >10 <0.15 <0.15 n.t. n.t. <0.0078 <0.0078
L. monocytogenes 10 >10 2.5 >10 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.
MRSA 5 >10 2.5 >10 <0.15 <0.15 n.t. n.t. 0.25 0.5
Antifungal activity Ketoconazole *

MIC MFC MIC MFC MIC MFC
A. brasiliensis 5 >10 10 >10 0.06 0.125 - - - -
A. fumigatus 5 >10 10 >10 0.5 1 - - - -

-: not analyzed; * positive controls, MIC—minimum inhibitory concentration, MBC—minimum bactericidal
concentration, MFC—minimal fungicidal concentration, n.t.—not tested, MRSA—Methicillin-resistant Staphylococ-
cus aureus.

Considering all the bioactivity tests performed, the two cork extracts showed promis-
ing potential. Q. cerris cork extract demonstrated a higher bioactivity compared with
Q. suber cork extract, possibly due to its higher phenolic content.

4. Conclusions

The biological potential of two underutilized corks, Q. cerris and Q. suber cork from
Turkey, was evaluated in hydroethanolic extracts obtained after mild maceration. The
phenolic composition and bioactive properties of the two different cork extracts, which
included antioxidant, anti-proliferative, and anti-inflammatory properties, as well as an-
timicrobial activity, were reported here for the first time.

The following specific conclusions can be drawn from this study:

1. The phenolic composition of hydroethanolic extracts of Q. cerris and Q. suber corks is
similar, with phenolic acids and ellagitannins as the principal compounds.

2. Hydroethanolic cork extracts of Q. cerris and Q. suber have significant antioxidant,
antimicrobial, and anti-proliferative properties.

3. The hydroethanolic cork extracts appear to be effective against gastric-, lung-, colon-
and breast-cancer cell lines.

Complementary extract characterization with screening of biologically relevant com-
pounds, the application of different extraction methods and binary extraction systems,
as well as the testing of corks from different species, are required to further explore the
bioactive potential of underutilized corks.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr12081579/s1, Figure S1: Phenolic profile of Quercus cerris cork.
The peaks are identified in Table 1; Figure S2: Phenolic profile of Quercus suber cork. The peaks are
identified in Table 1.
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