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Abstract

This study investigates the potential of Pinus pinaster subsp. atlantica bark, a forestry by-
product from northern Portugal, as a source of phenolic compounds with strong antioxidant
properties. Microwave-assisted extraction (MAE) was used to optimize recovery, assessing
the effects of solvent composition (water, ethanol, and 50:50 water—ethanol), extraction
time (15 or 30 min), and temperature (90, 110, or 130 °C) using a one-variable-at-a-time
approach. High-Performance Liquid Chromatography (HPLC) profiling characterized the
polyphenol composition. The results showed that solvent choice strongly influenced extract
composition and bioactivity, with hydroethanolic and ethanolic extracts exhibiting the high-
est antioxidant activities in DPPH, ABTS, and ORAC assays. Optimal conditions—50:50
water—ethanol, 130 °C, 15 min—yielded 11.13% (w/w) extract, 3.10 mg GAE/mL total phe-
nolics, and 2.01 mg CE/mL condensed tannins, comparable to commercial extracts such as
Pycnogenol®. MAE proved effective, rapid, and solvent-efficient, enhancing phenolic recov-
ery without degrading extract quality. These findings highlight the potential of P. pinaster
bark extracts for biomedical, nutraceutical, and cosmetic applications, supporting the
sustainable valorization of forestry residues and aligning with circular economy principles.

Keywords: Pinus pinaster bark; phenolic compounds; green extraction technology; forestry
by-product valorization

1. Introduction

The forest industry is an important productive sector based on renewable natural
resources. As a result, considerable amounts of products are discarded each year, mainly
from the sawmill and cellulose industries, as processing by-products that include sawdust,
wood chips, and barks [1-3]. These recycled products have low economic value, even
when several bioactive compounds have been identified in bark [2]. Therefore, there exists
great potential for the forest industry to convert and utilize more of these by-products,
transforming them into high-value products. Maritime pine (Pinus pinaster subsp. atlantica)
is a conifer native to Mediterranean countries such as France, Spain, and Portugal and
some North African countries [3,4]. Pine is an evergreen, coniferous, resinous, extended
living, and mostly monoecious tree [5]. Maritime pine is considered ecologically versatile
because it shows diverse growth characteristics, namely frost resistance and adaptation to
drought and various substrates. It prefers warm temperate areas with an annual rainfall
higher than 600 mm, although it can survive with 400 mm if there is sufficient atmospheric
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moisture. It dwells well in siliceous soils with coarse textures, especially sandy soils, dunes,
and other poor substrates [6,7]. Maritime pine bark is a rich source of polyphenols, such as
flavonoids, phenolic acids, stilbenes, and tannins, which include proanthocyanidins, which
in turn include procyanidins [6]. Maritime pine bark contains a high content of phenolic
compounds known for their antioxidant properties [6]. Using environmentally friendly,
renewable, non-toxic solvents to extract bioactive products is desirable [8]. The production
of antioxidant extracts from vegetal materials is a research field of increasing importance
for utilization in the food and pharmaceutical industries [5,8]. The characteristics of most
phenolic substances range from polar to nonpolar by nature, and many extraction factors,
mainly the solvent system, challenge their extraction efficiency [9-12]. It is known that
polar solvents, such as ethanol or aqueous mixtures containing ethanol, are frequently used
to recover phenolic compounds from plant tissues [13]. The extraction of phenols with
different concentrations of aqueous ethanol can fractionate phenolics based on polarity [14].
Aqueous ethanol solutions offer many advantages: hydrophilic and lipophilic active com-
pounds are recovered in different proportions, and synergistic interactions occur inside the
medium. However, they also present challenges, particularly complex downstream purifi-
cation and separation processes [15]. As reported by Alonso-Esteban et al. (2022) [6], higher
temperatures showed the best extraction yields, and the contact time had low influence on
the yield of phenolic compounds. Hence, the authors concluded that the matrix structure
of the pine bark allowed for a faster release of phenolic compounds than other natural
matrices, and extended extraction times would not be necessary. Chen, J. et al. (2020) [16]
studied microwave-assisted extraction (MAE), particularly using 95% ethanol as a solvent,
a temperature of 170 °C, and a 55 min extraction duration, which was shown to be more
effective than the conventional extraction method for recovering monomeric catechins
and proanthocyanidins from grape seed powder. Therefore, the proanthocyanidin-based
product obtained from grape seed by MAE showed a higher antioxidant capacity and
glucosidase-inhibitory activities than the conventional method. The MAE of pine bark
with dynamic heating up to 90-130 °C, avoiding the isothermal heating step, allowed for
the recovery of a 1.7-times-higher concentration of proantocyanidin dimers—tetramers, a
1.3-times-higher concentration of catechin, and a 1.2-times-higher concentration of quinic
acid in water extracts in comparison to a longer and more solvent-consuming accelerated
solvent extraction performed at the same temperature [17]. This study assessed the extrac-
tion processes parameters of pine bark from Pinus Pinaster subsp. atlantica cultivated in
the north of Portugal. The evaluation encompassed assessments of extraction efficiency,
total phenolic content, condensed tannin content, and antioxidant capacity. The extracts
were scrutinized throughout these assessments based on the extraction solvents, including
water, ethanol, and a 50% ethanol-water mixture. This study is the first to comprehensively
optimize MAE for Pinus pinaster subsp. atlantica from the Minho region of Portugal, using
pine bark from a certified experimental plantation—a raw material scarcely investigated to
date. It further provides a systematic comparison of three solvent systems (water, ethanol,
and hydroethanolic mixtures) under varied temperature—time conditions to assess their
individual and interactive effects on extraction efficiency.

2. Materials and Methods
2.1. Raw Material Collection and Sample Preparation

Pine bark (from Pinus pinaster Aiton subsp. atlantica) was collected in the northern
region of Portugal (Valenga, Viana do Castelo, Portugal) in the spring season from 21-year-
old trees. These trees were part of an experimental and certified plantation situated in the
forest area of the Minho region. Pine bark samples were collected by making a circular cut
in an area of the main trunk of the freshly cut tree, about 1.30 m above the ground. For
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extract production, whole pine bark samples were previously washed several times with
distilled water to remove dirt, lichens, and resin, following subsequent drying at 40 °C for
48 h (moisture content—6.67 & 0.01%). The resulting solid was then ground and sieved at
an amplitude of 0.2 mm for 1 min (Analysette 3 PRO, Fritsch GmbH, Oberstein, Germany)
to select particles from 200 to 850 um in diameter. These samples were stored in sealed
bags in a cool, dry, and dark room until further use.

2.2. Reagents

Distilled water and food-grade ethanol 96% purchased from Aga (Prior Velho, Por-
tugal) were employed for the extraction experiments. For extract analyses, the following
analytical-grade chemicals and solvents were used: gallic acid monohydrate was purchased
from Acros Organics (Geel, Belgium), Folin-Ciocalteu reagent was purchased from Pan-
Reac (Darmstadt, Germany), sodium carbonate anhydrous was purchased from Panreac
(Barcelona, Spain), and methanol was purchased from Fisher Scientific (Leicestershire,
UK). ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) was purchased from
Sigma Aldrich (St. Louis, MI, USA), DPPH and vanillin (2,2-diphenyl-1-picrylhydrazyl)
were purchased from Sigma Aldrich (Steinheim, Germany), and Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) was purchased from Sigma Aldrich (Buchs, Switzer-
land). The reagents were of analytical grade.

2.3. Experimental Design

A microwave-assisted extraction device (Milestone ETHOS X microwave extraction
system with SK-12 medium-pressure rotor, Milestone Srl, Sorisole, Italy) was used. Mi-
crowave irradiation was performed at an initial microwave power of 1600 W and an
extraction temperature of 90, 110, or 130 °C for 15 or 30 min (Table 1). The system operated
in a temperature-controlled mode, in which 1600 W corresponds to the maximum available
power. The actual power was automatically modulated to reach and maintain the target
temperature, followed by a plateau phase during which the power output continued to
vary as needed to sustain this setpoint. In this configuration, the system employs automatic
feedback control to continuously adjust power delivery based on real-time temperature
measurements. Three solvents were used: 100% distilled water (identified as W), a mixture
of 50% distilled water and 50% ethanol (identified as W:E), and 100% ethanol (with a
nominal concentration of 96% ethanol and identified as E). A sample of 2.5 g of pine bark
was placed in an extraction vessel, with 100 mL capacity, inside the equipment and kept ag-
itated (each vessel contained a magnetic stirrer) throughout the extraction process. Several
combinations of time, temperature, and solvents were tested, with a solid /liquid ratio of
1:20 (w:v). After cooling, the liquid fraction with the extractives was vacuum-filtered using
Whatman® qualitative filter paper (Whatman PLC, Buckinghamshire, UK), Grade 1 (pore
size—11 pm).

Table 1. Experimental design of this study.

Extraction Temperature (°C) Solvent Extraction Time (Minutes)
15
90 W 30
15
W:E 30
15
E 30
110 W 15

30
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Table 1. Cont.
Extraction Temperature (°C) Solvent Extraction Time (Minutes)
15
W:E 30
15
E 30
15
130 \ 30
15
W:E 30
15
E 30

2.4. Determination of Extraction Yield

The extraction yield measures the efficiency of the solvent in extracting specific com-
ponents from the original material. It is defined as the amount of solid extract recovered
in mass compared to the initial amount of dry bark [2]. It is presented in % (w/w) and
was determined for each solvent tested and dried at 103 °C. The extraction yield of antioxi-
dant compounds from plant material is influenced mainly by the conditions under which
liquid-solid extraction is carried out [18]. The yield of each tested extraction technique was
evaluated. Yield percentage was calculated using the mass of extracted solids divided by
the dry weight of the sample before extraction.

2.5. Determination of Total Phenolic Content

The content of the polyphenolics in the extracts was determined by the Folin-Ciocalteu
analysis according to the procedure described by Singleton & Rossi (1965) [19] and
Ainsworth & Gillespie (2007) [20]. A total of 100 pL of extractive solution (water, water—
ethanol [50:50], and ethanol) was added to 200 uL of the Folin—Ciocalteu phenol reagent,
followed by gentle shaking. Then, 800 uL of 7% (w/v) sodium carbonate was added. After
2 h, the resulting blue complex’s optical density at 765 nm was measured using a Varioskan
LUX Multimode Microplate Reader (Thermo Scientific, Vantaa, Finland) spectrophotometer.
A mixture of water and reagents was used as a blank. The standard curve was prepared
with gallic acid in water at 0, 5, 10, 20, 40, 60, 80, 100, 120, and 160 mg/L. The total phenolic
contents were expressed as grams of gallic acid equivalents (GAE) per mL of the extract.

2.6. Determination of Condensed Tannin Content

The condensed tannin content (CTC) can be determined using two methods: the
butanol-HCl-iron method and the vanillin method. The butanol-HCl-iron method has
been widely used in previous studies, but it requires more time to perform, according
to Bharudin et al. (2013) [21], making the vanillin test a good alternative for detecting
condensed tannins. Therefore, in this study, the CTC was determined using the vanillin
method described by Chupin et al. (2015) [4]. Furthermore, Chupin et al. (2013) [22] used
this method for the determination of tannins in pine bark (Pinus pinaster) and later [4] ex-
tended this approach to also determine condensed tannins in maritime pine bark extracted
through MAE. A total of 3 mL of vanillin (4% in methanol) was added to 0.5 mL of the
aqueous sample extract solution. Following this, 1.5 mL of highly concentrated HCI (37%)
was then added. After 15 min, the absorbance at 500 nm was measured using a Varioskan
LUX Multimode Microplate Reader spectrophotometer (Thermo Scientific, Vantaa, Finland).
A standard curve was prepared with a catechin solution (120 mg/L). The condensed tannin
content was expressed as mg of catechin equivalents (CE) per mL of the extract.
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2.7. Determination of Antioxidant Activity

Antioxidant activity was evaluated by three different assays, namely the DPPH (2,2-
diphenyl-1-picrylhydrazyl) radical scavenging method [23] based on Brand-Williams et al.
(1995) [24], the ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radical scav-
enging method, and the oxygen radical absorbance capacity (ORAC) assay, according to
the method described by Coscueta et al. (2020) [25].

2.7.1. DPPH Free Radical Scavenging Effect

In the dark, 50 pL of diluted extract stock solution (in methanol) was placed in a clear
96-well microplate with 200 puL of DPPH in methanol and allowed to stand in the dark for
30 min before measuring the absorbance of the solution at 520 nm on the Varioskan LUX
Multimode Microplate Reader (Thermo Scientific, Vantaa, Finland). Methanol was used as
the blank to calibrate the spectrophotometer. The control was a DPPH solution containing
absolute methanol instead of the sample. Antioxidant activity was measured based on
the measurement of the reducing ability of pine extracts towards the radical DPPH. The
results were expressed as mg of Trolox equivalent (TE) per mL of extract. The standard
curve was prepared with Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid).
The percent inhibition of the He radical was calculated from the decrease in the absorbance
of the DPPHe radical caused by antioxidants, due to the scavenging of the radical by
hydrogen donation. The degree of discoloration indicates the scavenging potential of the
antioxidant extract. The DPPHe method has been widely used to measure the antioxidant
capacities of different residual and natural products, as it is a rapid, simple, sensitive, and
practical assay [26].

2.7.2. ABTS Radical Cation Scavenging Effect

In the dark, 25 pL of diluted extract stock solution (in methanol) was placed in a clear
96-well microplate with 200 uL of ABTS in methanol and allowed to stand in the dark
for 6 min before measuring the absorbance of the solution at 735 nm on the Varioskan
LUX Multimode Microplate Reader (Thermo Scientific, Vantaa, Finland). Methanol was
used as the blank to calibrate the spectrophotometer. The control was an ABTS solution
containing absolute methanol instead of the sample. Antioxidant activity was measured
based on the measurement of the reducing ability of pine extracts towards the radical ABTS.
The standard curve was prepared with Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid). The results were expressed as mg of Trolox equivalent (TE) per mL
of extract.

The improved technique for the generation of ABTSe+ described here involves the
direct production of the blue/green ABTSe+ chromophore through the reaction between
ABTS and potassium persulfate. The addition of antioxidants to the pre-formed radical
cation reduces ABTS to an extent and on a timescale depending on the antioxidant activity,
the concentration of the antioxidant, and the duration of the reaction. Thus, the extent of
decolorization as inhibition percentage of the ABTSe+ radical cation is determined as a
function of concentration and time and calculated relative to the reactivity of Trolox as
a standard, under the same conditions. This method is applicable to the study of both
water-soluble and lipid-soluble antioxidants, pure compounds, and food extracts [27].

2.7.3. Oxygen Radical Absorbance Capacity

The ORAC assay was performed in a black 96-well microplate (Thermo Scientific™
Nunc MicroWell, Nalge Nunc International, Rochester, NY, USA) according to the method
described by Coscueta et al. (2020) [25]. Briefly, the reaction was carried out in 75 mM phos-
phate buffer (pH 7.4) at 40 °C. The final assay mixture was 200 pL, containing fluorescein
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(70 nM, final concentration in well), 2’-Azobis (2-methylpropionamidine) dihydrochloride
(AAPH) (12 mM, final concentration in well), and either Trolox (1-8 uM, final concentration
in well) or the sample, for the calibration curve or sample determination. A control with
PBS instead of the antioxidant solution was used. Before adding AAPH, the mixture was
pre-incubated for 10 min at 37 °C. AAPH solution was added rapidly. The kinetic loop
measured the fluorescence every 30 s for 90 min, for a total of 181 measurement cycles
in a multidetection plate reader (Varioskan LUX Multimode Microplate Reader, Thermo
Scientific, Vantaa, Finland) with excitation and emission wavelengths of 485 nm and 520 nm,
respectively. The equipment was controlled by Skanlt software version 6.1.1.7. Antioxidant
curves (fluorescence versus time) were normalized to the blank curve corresponding to the
same assay. The area under the fluorescence decay curve (AUC) was calculated according
to the trapezoidal method from the normalized curves. Regression equations between net
AUC and antioxidant concentration were calculated. The results were expressed as mg of
Trolox equivalent (TE) per mL of extract.

2.8. Quantitative Analysis of Extracts by HPLC-DAD Analysis

The individual phenolic compounds of the pine bark extracts were analyzed by
an HPLC system (Thermo Scientific UltiMate 3000, Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a Diode Array Detector (DAD). The extracts were prepared
in methanol /water (50:50, v/v) at 10 mg m~!, and the filtration process was carried out
by a 0.2 m tetrafluoroethylene filter. The injection volume was 20 uL. Separation was
performed on a Hypersil ODS C18 250 x 4.6 mm 5 um (Thermo Scientific, Waltham, MA,
USA) column operating at 40 °C. The mobile phase is composed of water/formic acid
(0.1%) (A) and acetonitrile (B). Gradient elution was carried out at a flow rate of 1 mL
min~? for 16 min, as follows: 15% B kept from 0 to 1 min; 15-35% B over 9 min; and 35-90%
B over 14 min, followed by re-equilibration at 15% B for 2 min. Phenolic compounds
were identified at different wavelengths by comparing their UV spectra and retention
times with the corresponding standards. The limit of detection (LoD) was calculated
using the calibration curves of pure phenolic compound standards, ranging between
250 and 1.25 mg/L (250, 125, 100, 50, 25, 10, 5, 1.25 mg/L). The LoD was calculated
for each standard used. Quantification was carried out using calibration curves and
identified at different wavelengths (280-320 nm). Standard solutions of cinnamic acid,
catechin, quercetin, gallic acid, syringic acid, caffeic acid, taxifolin, ferulic acid, ellagic
acid, protocatechuic acid, rutin, tyrosol, vanillin, resveratrol, and o-coumaric acid were
injected in the HPLC system to obtain standard curves. The solutions were prepared in
HPLC-grade methanol, with eight concentrations ranging from 1.25 to 250 mg/L. The
phenolic compounds were quantified using the linear regression equation (Table 2). The
pine bark extracts were injected in triplicate.

Table 2. Linearity, calibration curve, and limit of detection for compounds under analysis.

Compound Wavelength (nm) ¥ R ® LoD ® (mg L-1)
Cinnamic acid 280 0.9993 45
Catechin 280 0.9910 15.8
Quercetin 320 0.9999 9.8
Gallic acid 280 0.9997 15.5
Syringic acid 280 0.9997 7.6
Caffeic acid 320 0.9971 9.1
Taxifolin 280 0.9996 8.8
Ferulic acid 320 0.9999 7.2

Ellagic acid 280 0.9992 13.9
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Compound Wavelength (nm) R @ LoD ® (mgL-1)
Protocatechuic acid 280 0.9995 18.9
Rutin 320 0.9978 39.8
Tyrosol 280 0.9994 8.9
Vanillin 280 0.9999 3.7
Resveratrol 320 0.9997 1.5
O-coumaric 280 0.9994 8.4

() Wavelength used in HPLC-UV quantification. ? Correlation coefficient. ) LoD, limit of detection.

2.9. Statistical Analysis

Statistical analysis utilized the Statistica for Windows software package, version
14.0.0.15 (TIBCO Software, Palo Alto, CA, USA). A multivariate analysis of variance
(MANOVA) was conducted to evaluate the statistical significance of the examined factors.
Group variations were assessed through Tukey’s post hoc test, with significance set at
p <0.05. All determinations were performed in triplicate.

3. Results and Discussion
3.1. Factor Testing

The experiments involved three variables: temperature, time, and extraction solvent.
Consequently, 18 distinct extracts were generated and assessed for parameters such as
dry matter, extraction efficiency, total phenolic content, condensed tannin content, and
antioxidant activity as determined by ABTS and DPPH assays. It was found that all
factors or interactions presented statistically significant differences (Table 3). Initially, the
factor analysis was unable to discern the most favorable condition, as all interactions
were significant. Therefore, the results were analyzed in a univariate manner, establishing
comparisons between isolated samples, using the graphs in the following sections, where it
is possible to discern the extractions with the best results.

Table 3. Factors and interaction effects of MAE method—extraction yield, total phenolic content (TPC),
antioxidant activity (DPPH, ABTS, ORAC), and condensed tannins of tested experimental model.

Variable Effect SS DF MS F p
Temperature 459 2 22.93 7149 <0.001
Time 0.4 1 0.43 133 <0.001
Solvent 147.7 2 73.83 230 x 10° <0.001
Temperature*Time 2.6 2 1.30 405 <0.001
Temperature*Solvent 10.3 4 2.59 807 <0.001
Time*Solvent 0.4 2 0.20 61 <0.001
Temperature*Time*Solvent 0.2 4 0.04 13 <0.001
Temperature 0.00 1 0.00 1 0.338
Time 20.17 2 10.09 2617 <0.001
Solvent 1.51 2 0.75 195 <0.001
Temperature*Time 0.25 4 0.06 16 <0.001
Temperature*Solvent 0.85 2 0.43 111 <0.001
Time*Solvent 0.37 4 0.09 24 <0.001
Temperature*Time*Solvent 0.115 2 0.057 75 <0.001
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Variable Effect SS DF MS F p

Temperature 0.318 1 0.318 414 <0.001

Time 4.328 2 2.164 2815 <0.001

Solvent 0.381 2 0.191 248 <0.001

DPPH Temperature*Time 0.046 4 0.011 15 <0.001

Temperature*Solvent 0.659 2 0.330 429 <0.001

Time*Solvent 0.613 4 0.153 199 <0.001

Temperature*Time*Solvent 33.58 2 16.79 1571 <0.001

Temperature 0.71 1 0.71 67 <0.001

Time 63.98 2 31.99 2993 <0.001

Solvent 4.92 2 2.46 230 <0.001

ABTS Temperature*Time 2.59 4 0.65 61 <0.001

Temperature*Solvent 4.13 2 2.07 193 <0.001

Time*Solvent 1.82 4 0.46 43 <0.001

Temperature*Time*Solvent 122.6 2 61.3 1842 <0.001

Temperature 2.5 1 2.5 76 <0.001

Time 274.2 2 137.1 4118 <0.001

Solvent 54 2 2.7 82 <0.001

ORAC Temperature*Time 44.7 4 11.2 336 <0.001

Temperature*Solvent 12.7 2 6.3 191 <0.001

Time*Solvent 16.9 4 4.2 127 <0.001

Temperature*Time*Solvent 8.078 2 4.039 5183 <0.001

Temperature 0.072 1 0.072 93 <0.001

Time 6.179 2 3.089 3964 <0.001

Solvent 0.482 2 0.241 309 <0.001

CTC Temperature*Time 0.630 4 0.158 202 <0.001

Temperature*Solvent 0.216 2 0.108 138 <0.001

Time*Solvent 0.062 4 0.016 20 <0.001

Temperature*Time*Solvent 0.00 1 0.00 1 0.338

Legend: S5S—Sum of Squares; DF—Degrees of Freedom; MS—Mean Squares; F—F ratio; p < 0.05; TPC—Total
Phenolic Content; DPPH—Free Radical Scavenging Effect; ABTS—Radical Cation Scavenging Effect; ORAC—
Oxygen Radical Absorbance Capacity; CTC—Condensed Tannin Content.

This study is inserted in the context that guides the principles of sustainability, being
one of the pioneers in the MAE and characterization of phenolic compounds from Pinus
pinaster bark from the Minho region, as well as in the optimization of process parameters,
evaluating the influence of contact time and solvent composition on the extraction process.
All pine bark extracts are a rich source of polyphenols, but their mass fractions significantly
depend on the extraction conditions, solvent polarity, extraction temperature, and time [10].
Therefore, the extraction solvent (W—100% water; W:E—50% water—50% ethanol; and
E—100% ethanol), extraction temperature (90, 110, and 130 °C), and time (15 and 30 min)
were evaluated, aiming to increase extraction efficiency.

3.2. Extraction Yield

For each extraction, the extraction yield is measured as the percentage of extract
recovered in mass compared to the initial mass of dry bark. All the factors and interactions
were found to be significant (p < 0.001).

The results (Figure 1) indicate that extraction yields were significantly increased
(p < 0.05) when extraction was performed with a hydroethanolic solvent compared to
ethanolic or aqueous extraction for both extraction conditions. The use of a hydroethanolic
mixture allowed both polar and nonpolar compounds to be recovered [4]. It is known
that most phenolic compounds have a greater affinity for ethanol than for water. Also,
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regarding the different temperatures and times, the best results were obtained with the
hydroethanolic solvent. Significant differences (p < 0.001) were observed between the
ethanol 50% and ethanol 100% solvents. The best condition was ethanol 50% at 130 °C for
15 min, obtaining 11.13 £ 0.01% (w/w). The results achieved in this study are similar to
those reported in the literature. For example, the study by Chupin et al. (2015) [4] using
microwave-assisted extraction in ethanol-water (80-20, v/v) at a solid-to-liquid ratio of
1-10 (w/v) and different conditions for extracting pine bark compounds reported extraction
yields of approximately 9.24%. In a study by Fradinho et al. (2002) [28], they also reported
that the yield of extractives from the bark of P. pinaster, obtained by Soxhlet extraction,
was 10.3% for ethanol extractives and 3.2% for water extractives. In another study using
supercritical CO, extraction or mixtures of CO;, and high-pressure ethanol (ethanol content
ranging from 30% to 70% (v/v), the extraction yield was approximately 4.0%, much lower
than that obtained in this work for ethanolic extracts [29]. In addition to extraction methods,
the differences between different studies using pine are likely also due to a number of other
factors, such as the age of the pine bark, growing conditions, or extraction conditions [10].
Do et al. (2014) [30], studying the extraction of phenolics from Limnophila aromatica, using
other techniques and various solvents, also observed that 50% aqueous ethanol had a
higher extraction yield compared to the 75 and 100% ethanol solvents. Another study,
testing several herbs and spices, reported that better results were obtained with 100% water
instead of 100% ethanol as the main antioxidant components recovered were phenolic;
therefore, organic solvents of higher polarity are more effective in the quantitative recovery
of these substances than nonpolar solvents [31]. These apparently different findings are
certainly due to the different plant sources used.

12

1}

10+

S

Extraction Yield (g extract/100g Pine Bark)
~

6l

51

4l

3l

2 9(;°c 11£)°c 136°c 9d°c 116°c 136°c % x:E
15min 30min 4 E

Figure 1. Pinus pinaster bark MAE process parameters influence extraction yields (% w/w), extraction
times (15’ or 30'), solvents (W—100% water; W:E—50% water—50% ethanol; and E—100% ethanol),
and extraction temperatures (9, 110, or 130 °C). Vertical bars denote 95% of confidence interval.
Values are expressed as mean =+ SD of 3 analytical measurements.

3.3. Total Phenolic Content and Condensed Tannin Content

The total phenolic content (TPC) and condensed tannin content (CTC) of P. pinaster
bark under different extraction conditions are presented in Figures 2 and 3. All the factors
and interactions were significant (p < 0.001).
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Figure 2. Total phenolic content (mg gallic acid equivalent/mL extract)—influence of different
solvents, temperatures, and extraction times on MAE pine bark extracts. W—100% water; W:E—50%
water/50% ethanol; and E—100% ethanol. Vertical bars denote 95% of confidence interval. Values are
expressed as mean & SD of 3 analytical measurements.
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Figure 3. Condensed tannin content (mg catechin equivalent/mL extract)}—influence of different
solvents, temperatures, and extraction times on MAE pine bark extracts. W—100% water; W:E—50%
water/50% ethanol; and E—100% ethanol. Vertical bars denote 95% of confidence interval. Values are
expressed as mean =+ SD of 3 analytical measurements.

The selectivity of the compounds within the extract is attributed to the solvents, which
also facilitate the dissolution of intracellular compounds found in the raw materials, namely
plants or by-products. Essential metabolites possessing antioxidant qualities in natural
sources, like phenolic compounds, exhibit greater solubility in polar solvents owing to the
hydroxyl group’s presence [32,33]. As a result, this study employed water and ethanol
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as both efficient and environmentally friendly polar solvents [13]. The outcomes of our
study reveal that the extracts derived from pine bark exhibit a significant concentration
of phenolic compounds. The phenolic content was quantified using the Folin-Ciocalteu
method, yielding values between 0.95 and 3.10 mg of gallic acid per mL of pine bark extract.
The results (Figures 2 and 3) revealed that the highest values of total phenols and
condensed tannins are achieved using the mixture water/ethanol or ethanol, showing
significantly higher amounts (p < 0.05) than water extracts in all time and temperature
extraction conditions studied. Previous studies have shown that increasing the ethanol
concentration accelerates mass transfer between the solvent and the material, thereby
improving the solubility of polar phenolic compounds [14]. The mass fraction of total
polyphenols significantly depends on the extraction temperature. The extraction of pine
bark polyphenols at 110 or 130 °C gave higher yields compared to the extraction at a
lower temperature likely due to increased solubility and diffusion coefficients. From the
results shown in Figure 2, it is evident that the recovery of phenolic compounds depended
on the type of solvent used, its polarity, and, consequently, on the solubility of phenolic
compounds in the extraction solvents. It was observed that the higher TPC was obtained at
130 °C with the hydroethanolic solvent during 15 min, but values decreased when increas-
ing the time of extraction. However, at the same temperature, the TPC of ethanolic extracts
increased with time, with the highest values being observed at 30 min. In summary, the best
conditions for the extraction of polyphenols from pine bark were with the hydroethanolic
solvent at 110 or 130 °C for 30 or 15 min, respectively, under which the highest mass
fraction of TPC of 3.08 £ 0.03 and 3.10 & 0.09 mg GAE per mL of extract, respectively, was
determined. No statistical differences were observed between those two conditions. Bai
et al. (2010) [34] also reported that a mixture of water/ethanol was a better solvent than
pure water or pure ethanol for extracting phenolic compounds. Wang et al. (2004) [35]
also investigated the influence of solvents on the amount of extracted phenolic acids, con-
cluding that optimal extraction capacity was achieved with 30-60% ethanol solutions. In
addition, Pinelo et al. (2004) [26] obtained better results with ethanol than with water when
extracting pine sawdust. Our results show that pine bark TPC varied considerably as a
function of solvent composition, with the results being in agreement with several studies,
which showed that the nature of the solvent exerts great power on the phenolic extraction
capacities in many plant species. Furthermore, this result was in accordance with previous
reports suggesting that a binary solvent system (water/ethanol) is more efficient than a
mono-solvent system (water or pure ethanol) in extracting phenolic compounds regarding
their relative polarity. Ustun et al. (2012) [36], studying the commercially available Pyc-
nogenol (Pycnogenol®, maritime pine bark extract, 95% proanthocyanidins), known for its
bioactivity, reported a concentration of about 57.2 & 0.5 g equivalent of gallic acid /100 g of
extract. In our study, the values obtained at 110 °C for 30 min and 130 °C for 15 min with
the hydroethanolic solvent condition were similar to those obtained with Pycnogenol®.
Feria-Reyes et al. (2023) [37] reported that Pinus spp. bark extracts are rich in phenolic
compounds, especially in condensed tannins. Chupin et al. (2015) [4] reported that MAE
is a technique capable of recovering high amounts of condensed tannins. The content
of condensed tannins in the extracts varied from 0.085 to 2.012 mg CE/mL, depending
on the solvent employed during extraction. The highest content was observed in the
water/ethanol mixture (2.01 £ 0.03 mg CE/mL and 1.81 & 0.01 mg CE/mL from 130 °C for
15 min and 110 °C for 30 min, respectively), while the extracts obtained with 100% water
(0% ethanol) showed the lowest CTC (0.09 £ 0.02 mg CE/mL and 0.34 & 0.06 mg CE/mL
at 90 °C for 15 min and 30 min, respectively) (p < 0.05). These results, in agreement with
those mentioned above, verify that hydroethanolic solvents can effectively extract tannins
from pine bark. When compared to aqueous mixtures, pure solvents with 100% ethanol
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showed lower efficiency in tannin extraction; similar results were observed with pure water.
In our results, CTC increased as extraction temperature rose. The results also indicated that
different extraction conditions resulted in significant variations in CTC values. As shown
in Figure 3, the highest CTC values were obtained at 130 °C for 15 min with water/ethanol
[50:50]. Thus, this extraction condition was selected as the optimal condition for recovering
condensed tannins from Pinus pinaster bark in this study. Jiménez-Moreno and colleagues
explored various extraction conditions for attaining polyphenol-rich extracts from grape
stems. Their findings indicated that 50% ethanol optimizes extraction, yielding extracts
with enhanced antioxidant activity [38]. Recently, Tanase et al. (2019) [39] compiled
literature-based information regarding the extraction of phenolic compounds from woody
plant bark and their potential biological effects. They highlighted the utilization of multiple
solvents for obtaining phenolic compounds. In their review, the authors pointed out
that the combination of water and ethanol has been extensively employed to enhance
the extraction of these compounds from lignocellulosic matrices, such as those found in
Pinus species. This choice may be attributed to the solvent’s capacity to permeate cell
walls, facilitating the release of phenolic compounds [38]. While phenolic compounds are
major contributors to bioactivity in plant extracts, other co-extracted compounds including
polysaccharides, proteins, and secondary metabolites may also contribute to the observed
biological activities, necessitating bioactivity-guided fractionation studies to definitively
attribute effects to specific phenolic compounds [40].

3.4. Antioxidant Activity

The antioxidant capacity of natural molecules and extracts is one of the most studied
biological activities, often described as a mechanism to prevent oxidative stress and several
diseases [41]. It is well-known that the antioxidant activity of plant extracts cannot be dis-
cussed based on the results of a single assay [31]. The DPPH assay assesses the capability of
antioxidants to neutralize free radicals, whereas the ABTS method gauges the antioxidants’
capacity to inhibit the oxidation of ABTS radicals. On the other hand, the ORAC method
quantifies antioxidant capacity against peroxyl radicals, as indicated by Thaipong et al.
(2006) [42]. The ORAC assay is considered more relevant since it employs a biologically
relevant radical source, as noted by Prior et al. (2003) [43]. Therefore, in this study, the
effects of solvent and the time of extraction on the antioxidant activity of pine bark extracts
were evaluated using three different methods: DPPH, ABTS and ORAC. Significant effects
(p < 0.05) of temperature, time, and type of solvent on the antioxidant activity of extracts
were observed. The hydroethanolic extracts showed higher antioxidant activities in the
three tested assays than ethanolic and aqueous extracts (Figures 4-6).

The water solvent had the lowest values in the different temperature and time con-
ditions, as shown in Figures 4-6. The antioxidant capacities of extracts were also found
to be sensitive to ethanol concentration. Increasing ethanol concentration up to 50% was
associated with an increase in the antioxidant capacity of the extracts. However, further in-
creasing the ethanol concentration to 100% caused a significant (p < 0.05) decrease in DPPH
but no significant (p < 0.05) effect on ABTS. This observation may be explained by the ex-
traction of different molecular weights of phenolic compounds. A previous study reported
that DPPH assay is more reactive with low-molecular-weight phenolic compounds [44].
Hence, we propose that 100% ethanol was less efficient in extracting low-molecular-weight
phenolic compounds with high antioxidant capacity from Pinus pinaster subsp. atlantica
compared with the hydroethanolic mixture. This aligns with the findings reported in Braga
et al. (2008) [45] that show that ethanol plays an important role in extracting compounds
with greater antioxidant activity.
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Figure 4. DPPH assay (mg Trolox equivalent/mL extract)—influence of different solvents, temper-
atures, and extraction times on MAE pine bark extracts. W = 100% water; W:E = 50% water-50%
ethanol; E = 100% ethanol. Vertical bars denote 95% confidence intervals. Values are expressed as
mean =+ SD of 3 analytical measurements.
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Figure 5. ABTS assay (mg Trolox equivalent/mL extract)—influence of different solvents, temper-
atures, and extraction times on MAE pine bark extracts. W = 100% water; W:E = 50% water-50%
ethanol; E = 100% ethanol. Vertical bars denote 95% of confidence interval. Values are expressed as
mean =+ SD of 3 analytical measurements.
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Figure 6. ORAC assay (mg Trolox equivalent/mL extract)—influence of different solvents, temper-
atures, and extraction times on MAE pine bark extracts. W—100% water; W:E—50% water—-50%
ethanol; and E—100% ethanol. Vertical bars denote 95% of confidence interval. Values are expressed
as mean =+ SD of 3 analytical measurements.

The results obtained in the DPPH, ABTS, and ORAC methods demonstrate the potent
reducing power of pine bark extracts. Our data show that the extracts obtained with water—
ethanol [50:50] and ethanol have greater radical scavenging activity than those where water
was used as a solvent, as shown in Figures 4-6. Extraction time is crucial in the solvent
extraction of phenolic compounds, as proper extraction time can result in both time and
cost efficiency. Significant differences were observed between the hydroethanolic mixture
and ethanol solvents at all temperatures (90, 110, and 130 °C) for 15 min. However, when
changing the extraction time to 30 min, no significant differences between 50% and 100%
ethanol were observed at all temperatures (90, 110, and 130 °C). It was observed that
the antioxidant activity in all extracts obtained at 130 °C with water, water—ethanol, and
ethanol increased with higher temperatures of extraction. The extraction condition yielding
the highest antioxidant activity in both the DPPH and ABTS assays was water—ethanol
at 110 or 130 °C for 30 or 15 min, respectively, with 2.86 + 0.01 mg TE/g sample and
2.91 + 0.00 mg TE/g sample. Jusoh et al. [46] stated that the highest DPPH of apple peel
extract can be achieved when ethanol concentration is between 10 and 47%; beyond this
value, the DPPH value starts to decrease. The proposed explanation is that by increasing
the ethanol content, the polarity changes, thereby reducing the tendency of the solvent to
extract compounds that can react with DPPH.

These findings illustrate a connection between the bark extracts’ total phenolics, con-
densed tannin content, and antioxidant activity assessed through DPPH, ABTS, and ORAC
assays. This association underscores the role of these extracted bio-compounds in contribut-
ing to the observed antioxidant activity.

3.5. Quantitative Analysis of Extracts by HPLC-DAD Analysis

The phenolic profile of pine bark extracts was quantified by HPLC-DAD (Table 4).
Catechin was the most abundant phenolic compound with concentrations ranging from
18.84 and 252.89 mg/L. Taxifolin was also identified as one of the most abundant com-
pounds, ranging from 8.09 and 58.53 mg/L. Hydroethanolic mixtures yielded the highest
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concentrations for nearly all phenolic compounds. Protocatechuic acid, detected only in
hydroethanolic extracts (26.77 + 0.20 mg/L at 110 °C for 30 min, 29.54 + 0.83 mg/L at
130 °C for 15 min, and 27.56 £ 2.16 mg/L at 130 °C for 30 min), was observed at differing
levels. Tyrosol, found only in aqueous extracts (10.57 £ 0.39 mg/L at 130 °C for 15 min)
and hydroethanolic extracts (13.59 4 0.19 at 110 °C for 15 min and 41.28 £ 0.33 mg/L at
110 °C for 30 min, as well as 53.26 &= 1.01 mg/L at 130 °C for 15 min and 44.73 + 1.57 mg/L
at 130 °C for 30 min), was found in varying concentrations. Gallic acid, caffeic acid, vanillin,
syringic acid, rutin, ellagic acid, ferulic acid, o-coumaric acid, resveratrol, quercetin, and
cinnamic acid were not detected. In all extracts, high levels of taxifolin and catechin were
present, with concentrations increasing when a water—ethanol mixture was used and when
extraction temperatures were higher. The main constituents described in the literature
for Pycnogenol, the commercial extract from maritime pine bark known for its bioactive
properties, indicate that it primarily contains catechin, epicatechin, and taxifolin [47]. As
reported in a review by Liu et al. (2023) [48], taxifolin is a naturally bioactive flavonoid
with superior antioxidant capacity than common flavonoids, which is closely related to its
phenolic hydroxyl groups. Extracts obtained from the barks of five distinct pine species,
namely P. pinea, P. sylvestris, P. nigra, P. parviflora, and P. ponderosa collected from various
geographical regions, revealed that the heightened concentrations of catechin and taxifolin
were linked to climatic stress factors, such as reduced rainfall, elevated temperatures, and
extended periods of sun exposure [49].

Table 4. Identification and quantification of phenolic compounds in aqueous, hydroethanolic, and
ethanolic extracts from Pinus pinaster bark. Values are expressed as concentration (mg/L), mean & SD
of three analytical measurements.

Phenolic Compound (mg/L)

Extraction Extraction Time
Temperature EtOH (% v/v) . Protocatechuic Catechin Tyrosol Taxifolin Total
o) (Minutes)

0 15 <LoD 18.84 +0.33 1 <LoD 10.98 + 0.16 8 29.83

30 <LoD 34.77 +1.34h <LoD 13.70 + 0.31f 4847
9% %0 15 <LoD 76.54 + 0.86 ¢ <LoD 37.22 £ 0.08¢ 113.76
30 <LoD 91.25 +0.374 <LoD 37.37 £ 0.05¢ 128.62

100 15 <LoD 30.16 +1.94h <LoD 20.87 +0.16 ¢ 51.03

30 <LoD <LoD <LoD 26.26 +0.334d 26.26

15 <LoD 4553 +0.14 8 <LoD 11.23 +£0.29 8 56.76

0 30 <LoD <LoD <LoD 1366+125¢  13.66
110 50 15 <LoD 142.82 +2.31°¢ 1359 +0.19 4 4998 +1.14° 206.39
30 26.77 £0.20 ¢ 229.94 + 0.00 4128 +0.33°¢ 54.95 + 0.722 352.94

15 <LoD <LoD <LoD 2346 +1.13 % 23.46

100 30 <LoD <LoD <LoD 23.72 £ 0.61 ¢ 23.72

0 15 <LoD 59.16 + 1.46 ¢ 10.57 £ 0.39 ¢ 8.09 +7.018 77.83

30 <LoD <LoD <LoD 9.98 4+ 0.47 8 9.98
130 %0 15 29.54 4+ 0.83 2 252.89 +1.97 2 53.26 4+ 1.012 58.53 & 0.912 394.23
30 27.56 + 2.16 P 232.39 + 6.24P 4473 +£157P 5591 +1.7542 360.59

15 <LoD <LoD <LoD 34.95 + 0.09 © 34.95

100 30 <LoD <LoD <LoD 3532 +3.93 ¢ 35.32

<LoD: below the limit of detection. Different letters (a—i) indicate significant differences (p < 0.05) for the same
compound. W = 100% water; W:E = 50% water-50% ethanol; E = 100% ethanol.

Several phenolic compounds commonly reported in plant matrices, namely gallic
acid, caffeic acid, vanillin, syringic acid, rutin, ellagic acid, ferulic acid, o-coumaric acid,
resveratrol, quercetin, and cinnamic acid [50], were not detected in P. pinaster bark extracts.
This outcome may reflect either genuinely low concentrations or levels below the limit of
detection (LoD) of the HPLC-DAD method. Compounds present below the LoD remain
analytically undetectable but may still contribute to extract bioactivity if enriched under
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alternative extraction conditions or assessed with more sensitive techniques (e.g., LC-
MS/MS). The results suggest that phenolic compounds quantified by HPLC play a major
role in the antioxidant activity of the samples. The moderate correlation with DPPH
(r = 0.41) may reflect the lower sensitivity of this assay to certain phenolic structures,
whereas the stronger associations observed with ABTS and ORAC (r = 0.60 and r = 0.56,
respectively) indicate that these methods are more responsive to the antioxidant potential
of the quantified compounds. Similarly, the strong correlations with TPC (r = 0.56) and CTC
(r = 0.59) support the contribution of total phenolics and condensed tannins, suggesting
that these groups are key determinants of the overall antioxidant capacity.

4. Conclusions

Microwave-assisted extraction enabled the efficient recovery of phenolic-rich extracts
from Pinus pinaster subsp. atlantica bark. The optimal conditions—50:50 (v/v) water—
ethanol, 130 °C, 15 min—yielded 11.13% (w/w) extract, 3.10 mg GAE/mL total phenolics,
2.01 mg CE/mL condensed tannins, and strong antioxidant capacities in DPPH, ABTS, and
ORAC assays, matching the values reported for commercial extracts such as Pycnogenol®.

Hydroethanolic mixtures provided the best balance between polarity and extraction
efficiency. Microwave-assisted extraction proved to be a rapid, solvent-efficient, and
scalable method for valorizing forestry by-products. Further studies on bioavailability,
in vivo activity, microbial validation, and industrial scalability could support the integration
of Pinus pinaster bark extracts into biomedical, nutraceutical, and cosmetic applications,
contributing to circular economy objectives.

As this study was conceived as a preliminary investigation focused on characterizing
the chemical profile of the extracts, microbiological screening was not included. This
limitation is acknowledged, as assessing antimicrobial properties and microbiological safety
is essential for validating their potential in food applications. Future work will therefore
integrate microbiological evaluations, including tests in representative food matrices, to
more robustly determine both functional efficacy and practical feasibility.
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