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the side-streams of the forestry and wood processing indus-
tries hold great untapped potential (Verkasalo et al. 2019). 
Forest and wood processing residues have already been 
shown to be rich and environmentally friendly feedstock for 
various bioproducts (Holmbom 2011; Oleson and Schwartz 
2016; Ragauskas et al. 2006). Nevertheless, wood residues 
and bark are mostly used in wood processing plants only as 
a source of energy. Although the amount of non-structural 
constituents in wood and bark from trees (generally referred 
to simply as extractives) is relatively small (about 5–15%, 
w/w), some of these compounds, e.g., stilbenes, flavonoids 
and condensed tannins, have been reported to possess anti-
fungal, antimicrobial and antioxidant properties and they 
therefore have great potential for various applications (Belt 
et al. 2017; Lu et al. 2016; Valette et al. 2017; Välimaa et al. 
2007). According to forecasts, the global market for poly-
phenols will grow significantly by 2030 (grandviewresearch 
2022). The high demand for plant polyphenols with anti-
oxidant, anti-inflammatory and antimicrobial properties is 

1  Introduction

The European Green Deal strategy (https://commission.
europa.eu) encompasses the concepts of green transition and 
a circular economy, which give high priority to recycling 
and the sustainable use of raw materials, especially those 
of natural origin. In this context, the development of new 
side-streams and their treatment as new and important value 
chains is a challenge for all industries. It is well known that 
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Abstract
The aim of this study was to compare the antioxidant capacity of hydrophilic extracts of different tissues of wet-hearted 
silver fir (Abies alba Mill.) logs. Wet heart is a wood defect of silver fir and lowers the value of wood. The exploitation of 
extractives could increase utilization and financial returns. The bark, sapwood, heartwood and knotwood were investigated 
by using two green extraction methods: ultrasound assisted extraction (US) and accelerated solvent extraction (ASE), 
with aqueous ethanol as solvent. Total extractive content (TEC), total polyphenol content (TPC) and antioxidant capaci-
ties (FRAP, DPPH, ABTS) from the extracts were determined and compared. The highest contents of total hydrophilic 
extractives were measured in knotwood (23.07%, ASE) and bark (10.31%, ASE), and the lowest values were determined 
for sapwood (2.00%, ASE) and heartwood (3.56%, ASE). The ASE method resulted in significantly higher TPC (0.65–
10.58%) than the US (0.46–9.19%) method. Nevertheless, the simplicity of instrumentation and costs can make US also 
a potential candidate for future extraction and utilization. The highest antioxidant capacities were measured in knotwood 
(FRAP: 159.75 mg AAE/g, ABTS: 316.15 mg TE/g, DPPH: 189.23 mg TE/g) and bark (FRAP: 159.75 mg AAE/g, ABTS: 
126.81 mg TE/g, DPPH: 74.52 mg TE/ g) extracts, prepared with ASE, which complements well the existing literature 
data on silver fir extractives. The knotwood and bark of wet-hearted silver fir is an abundant source of antioxidant poly-
phenols, whereas sapwood and heartwood are poor in these extractives and potentially unsuitable for the valorization by 
the extraction of natural antioxidants.
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evidence of the increasing use of these plant products in the 
field of dietary supplements and nutraceuticals, cosmetics, 
“green” preservatives etc.

One of the negative consequences of climate change is its 
effect on the distribution of tree species (Gričar et al. 2015; 
Humar et al. 2021; Vítková et al. 2017). The latest model 
projections for Central Europe show that tree species of 
major industrial importance, i.e., spruce and Scots pine, will 
be most affected, and they are predicted to migrate almost 
entirely from Central Europe to northern countries (with 
the exception of the colder Alpine regions) (Dyderski et al. 
2018). According to a study by Dyderski et al. (2018), silver 
fir is identified as a “climate winner”, together with some 
autochthonous broadleaf species and also alien tree species. 
Silver fir will thus be one of the conifers that will gain new 
potential distribution areas in Europe in the future due to 
climate changes. This could give silver fir even greater eco-
nomic importance for forest owners and the wood process-
ing industry (Hanewinkel et al. 2013; Humar et al. 2022). 
Silver fir is already an economically valuable coniferous 
species in Europe (Dobrowolska et al. 2017). At the same 
time, silver fir logs and their wood often experience a sharp 
decrease in value due to the formation of so-called wet heart 
or wet wood, in the place of the normal heartwood (Torelli 
et al. 2005, 2006). Wet heart of silver fir is described as 
wood tissue with compact, increased moisture content at 
the site of the heartwood (Torelli 1990). Wet heart is sub-
jected to mechanical anomalies involving cracking and ring 
shakes (Shigo 1984; Torelli et al. 2006, 2007). In fact, the 
frequency and intensity of wet heart formation in silver fir 
critically increases with tree age, dimensions and frequent 
injuries, e.g., from broken/dropped branches. Wet heart in 
mature silver trees is therefore actually a normal and age-
related phenomenon (Torelli et al. 2005). It is clear that not 
much attention is paid to the presence of wet heart in the 
existing literature on the extractive compounds of silver 
fir, even though this is a major quality defect and therefore 
reduces the value of silver fir logs. The utilization of the 
less valuable wood and bark biomass of silver fir remains a 
major challenge but the extraction of valuable bioproducts 
such as nanocellulose and bioactive extracts from tree bio-
mass continues to be intensively researched (Brennan et al. 
2020b; Fernandez-Costas et al. 2017; Oleson and Schwartz 
2016; Žepič et al. 2022).

Extracts from low-grade tissues of silver fir, i.e., bark 
and branch wood, have already been investigated for health-
promoting properties, highlighting the antioxidant effect of 
the extracts (Drevenšek et al. 2016; Tavčar Benković et al. 
2017). Silver fir samples were extracted using both conven-
tional and advanced extraction methods, and extractives 
were analyzed using various in vitro antioxidant assays. 
Bark samples were extracted by maceration followed by 

purification by liquid-liquid extraction (Tavčar Benković 
et al. 2014), then using an accelerated extraction system 
(ASE) (Brennan et al. 2020b) or using standard procedures 
as demonstrated on Caucasian fir bark samples (Ozgenc et 
al. 2017). Hamada et al. (2018) used a Soxhlet apparatus 
for the extraction of sapwood and heartwood samples of 
silver fir. The wood of silver fir branches was also conven-
tionally extracted at higher temperature and analyzed by 
Tavčar Benković et al. (2017) but, due to the patent process, 
detailed information on the extraction process is not avail-
able. Since conifer knotwood is generally known to be a 
potential source of bioactive polyphenols (Holmbom 2011), 
silver fir knotwood has also been studied most extensively, 
with ASE and Soxhlet often used for extraction (Kebbi-
Benkeder et al. 2017; Willför et al. 2004). Stemwood and 
knotwood of Siberian fir (Abies sibirica) were extracted 
using ASE and the extracts were subsequently compared 
for their antioxidant properties; however, with respect to 
the sampling procedure, it is unclear whether sapwood or 
heartwood, or even a mixture of both, was extracted and 
analyzed (Ul’yanovskii et al. 2022). In terms of the solvents 
used for extraction, silver fir extractives have been obtained 
with water or various less and more polar organic solvents, 
e.g., hexane, toluene, aqueous acetone and aqueous ethanol 
(Hamada et al. 2018; Kebbi-Benkeder et al. 2015; Tavčar 
Benković et al. 2014; Willför et al. 2004).

The main objective of this study was to investigate the 
biorefinery potential of sapwood (SW), heartwood (HW), 
as well as bark (B) and knotwood (KW) extracts originating 
from lower value, wet-hearted silver fir logs, by comparing 
the contents of hydrophilic extractives (TEC) and total phe-
nols (TPC) as well as the antioxidant capacity of the extracts. 
Two extraction methods were applied and compared: soni-
cation (Son) and accelerated solvent extraction (ASE), in 
order to assess their potential for future use. An ethanol-
water mixture was used as solvent for environmental and 
future application reasons. The chemical composition of 
the tissues was assessed and compared by measuring total 
extractive content (TEC), Folin-Ciocalteu total polyphenol 
content (TPC) and by the complex evaluation of the antioxi-
dant capacity by FRAP (Ferric reducing antioxidant power), 
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid) and DPPH (2,2-diphenyl-1-picrylhydrazyl) assays. 
The results contribute to a better understanding of the utili-
zation of wet-hearted silver fir wood and to the elaboration 
of novel and cost-effective green extraction methods for the 
utilization of the extractives.
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2  Materials and methods

2.1  Chemicals

Folin–Ciocalteu phenol reagent, gallic acid monohy-
drate, gallic acid (certified reference material), L-ascorbic 
acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 
acid (Trolox, an analogue of vitamin E), 2,2’-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+ solu-
tion), 2,2-diphenyl-1-picrylhydrazyl (DPPH solution), 
2,4,6-tripyridyl-S-triazine (TPTZ solution), potassium 
persulfate, iron(III)-chloride, acetic acid, sodium acetate, 
hydrochloric acid, sodium carbonate, potassium hydrogen 
phosphate and potassium dihydrogen phosphate were pur-
chased from Merck (Sigma-Aldrich Chemie, Taufkirchen, 
Germany). Water, methanol and absolute ethanol were from 
J.T. Baker (Phillipsburg, NJ, USA). All chemicals used are 
commercially available, all were of pure/analytical grade 
and were used without further purification.

2.2  Material

The study was conducted on silver fir (Abies alba Mill.), 
i.e., a coniferous tree that plays an important role in the 
wood processing industry in Central Europe (Bianchi et al. 
2014; Butnaru et al. 2022; Dobrowolska et al. 2017). Wood 
and bark samples from a number of trees were included in 
the investigation. Trees averaged 32.24 (SD, 2.48) meters in 
height and 125.83 (SD, 42.02) years old. Age was measured 
by counting the annual rings of the cross-section at the base 
of the silver fir (at about 0.2 m height). Since the study was 
conducted on mature silver firs, they were naturally charac-
terized by the presence of the above-mentioned wet heart at 
the heartwood site. It was therefore not possible to compare 
the results with samples from intact and healthy trees, as all 
the firs sampled had a wet heart (Fig. 1). The presence of 
wet heart significantly reduces the value of silver fir logs. 
Nevertheless, an important goal of the research activity was 
to ensure the homogeneity of the silver fir wood and bark 
samples as much as possible. The samples were therefore 
cut from sample discs taken at different tree heights and 
homogenized. The silver firs were harvested from two loca-
tions: Kočevska Reka forest (45°34’31.5” N 14°46’27.8” 
E) and Kuželič forest, Grivac (45°28’11.7” N 14°50’43.8” 
E), Slovenia. The function of the tissues in a tree stem was 
considered in planning the study and selecting the sample 
groups, so wet heart, defined as defective or abnormal 
woody tissue, was not treated separately for the purposes of 
the present study. However, the precise identification of the 
different wood compartments of the wet heart of silver fir 
and the analysis of the chemical properties of these tissues 
with the investigation of their potential as a biorefinery raw 

material is an important goal of our future research activi-
ties. Samples of sapwood (SW), heartwood (HW), knot-
wood (KW) and bark (B) were thus sawn from each of the 
sampled discs in the manner previously described (Vek et 
al. 2021) (Fig. 1). SW and HW on the silver fir sample discs 
were distinguished with an iodine-starch test by applying 
iodine solution directly to the surface of the silver fir disc 
with a brush. In relation to the wood of knots, i.e., the base 
part of a branch imbedded in a tree stem, only the dark-
colored central part of the knot was sampled, leaving out the 
adjacent light-colored tissues of the knot (Fig. 1). For our 
study, the KW samples were mechanically removed from 
the sample discs in the UL-BF workshop using a band saw 
and a chisel. A simple and efficient method for removing 
knotwood samples that is also suitable for higher Technol-
ogy Readiness Levels (TRL) remains a major challenge that 
needs to be overcome. All collected silver fir samples were 
first oven-dried overnight at 50 °C, then ground using a cut-
ting mill (Retsch SM 2000), and finally freeze-dried to a 
constant weight in a Telstar LyoQuest CC1930 freeze dryer 
at 0.045 mbar and − 85 °C. Finally, for the study of anti-
oxidant properties, several homogenized samples of SW, 
HW, KW and B of silver fir were prepared by mixing the 
mass aliquots of each sample per tissue studied. The thus-
prepared disintegrated samples of silver fir SW, HW, KW 
and B were stored in polypropylene bottles, which were air-
tight sealed. The samples were kept in a cool, dark place 
until extraction.

2.2.1  Extraction

The ground samples were first freeze-dried overnight. 
Extractions were performed in a Thermo Dionex system 
ASE 350 (Thermo Fisher Scientific Inc., Waltham, US) and 
in an Elma Transsonic T570 ultrasonic bath (Elma Schmid-
bauer GmbH, Singen, Germany) (Hofmann et al. 2015a; 
Keržič et al. 2019; Vek et al. 2021) (Fig.  1). The ASE 
extractions were performed under nitrogen, and the extracts 
were filtered through a cellulose filter, i.e., “on-line” dur-
ing extraction. All wood and bark extracts obtained by ASE 
and sonication were prepared to achieve a sample to sol-
vent ratio of 1:100 (w/v). The final volumes of the silver 
fir extracts produced were thus 100 ml for the ASE extracts 
and 30 ml for the extracts obtained by sonication (Table 1). 
As a solvent, 80% aqueous ethanol (v/v) was used. Further 
information on ASE and sonication of silver fir wood and 
bark samples can be found in Table 1.

Both extraction techniques can be also referred to as 
“green” due to the short extraction time and low solvent and 
energy consumption. Since water and ethanol are known 
to be environmentally friendly solvents because of their 
chemical properties and accessibility, e.g., ethanol can be 
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Before gravimetric analysis, all silver fir extracts were 
centrifuged twice at 10,000 rpm for 15 min in an Eppendorf 
5810R centrifuge. The extracts were transferred to 2-mL 
polypropylene reaction tubes with safety caps and cen-
trifuged again three times at 12,000 rpm for 10 min in an 
Eppendorf MiniSpin Mini centrifuge. Prior to the analyses, 
all reaction tubes containing the extracts were stored in a 
refrigerator at 4 °C.

2.2.2  Content of extractives and polyphenols in wood and 
bark samples

The total extractive content (TEC) and total phenol content 
(TPC) were measured according to the protocol described 
in our previous research reports (Vek et al. 2019, 2020). The 
TEC was determined by drying 10 mL of extract to constant 

produced by fermentation from renewable sources (Tekin 
et al. 2018), and to avoid the use of hazardous non-polar 
organic solvents, 80% aqueous ethanol (v/v) was chosen as 
the extraction solvent in the present study.

Table 1  Parameters of the extraction process
System ASE1 350 Sonication

Sample amount 1.0 g 0.3 g
Temperature 120 °C 25 °C
No. static cycles 4 3
Cycle time 5 min 10 min
Pressure 1500 psi ambient
Cell/tube volume 10 mL SST2 cell 50 mL “Falcon”
Extract volume 100 mL 30 mL
1ASE, Accelerated Solvent Extraction; 2SST, Stainless Steel

Fig. 1  Schematic presentation of research activities. Sapwood (SW), 
heartwood (HW), knotwood (KW) and bark (B) of wet-hearted silver 
fir (Abies alba Mill.) were extracted by two extraction methods (soni-
cation, ASE 350 system), and extracts were analyzed gravimetrically 

and colorimetrically for extractant content (soluble extractive con-
tent - TEC and total phenolic content - TPC) and antioxidant capacity 
(FRAP, ABTS, DPPH tests)
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Trolox equivalents per gram of dry sample (mg TE / g dw) 
(Hofmann et al. 2015b).

2.3  Statistics and graphic material

Statistical significance was tested with basic statistical 
analysis using Statgraphics software. Before testing the 
differences between the means of the measurements using 
ANOVA, the results were tested for normal distribution. To 
determine which means were significantly different from 
the others, Fisher’s least significant difference (LSD) proce-
dure was performed at a 95.0% confidence level. All struc-
tural formulas were generated using ChemDraw software 
from PerkinElmer.

3  Results and discussion

3.1  Total extractives content

According to the results, SW and HW contained signifi-
cantly lower amounts of total extractives than B and KW 
(p < 0.001). On average, the two extractions of the silver 
fir samples yielded 2.22% of TEC and 0.55% TPC for SW, 
3.80% of TEC and 1.07% TPC for HW, 24.65% of TEC and 
9.89% TPC for KW and 11.82% of TEC and 3.22% TPC 
for B. Our results on extraction yields presented in Table 2 
agree relatively well with previously published results on 
the chemistry of silver fir extracts, but there are some dif-
ferences due to different sampling methods and extraction 
procedures (Brennan et al. 2020a; Hamada et al. 2018; 
Kebbi-Benkeder et al. 2017; Tavčar Benković et al. 2017; 
Willför et al. 2004). The following is a literature review of 
extractives obtained to date from various tissues of silver fir. 
It has been reported that the position of the bark on the silver 
fir can have a significant effect on extraction yield.  Bren-
nan et al. (2020a) demonstrated that ASE extraction of bark 
samples taken at different heights from a silver fir can yield 
TEC between 15% and even more than 30% (by weight). 
Treatment of Caucasian fir (Abies nordmanniana) bark 
with sodium hydroxide solution using the standard proce-
dure (TAPPI; T 212 om-98) yielded 17.01% TEC (Ozgenc 
et al. 2017). In addition to the aforementioned longitudinal 
variation of water/ethanol soluble extractives in silver fir 
bark, radial variability in the content of total extractives was 
also observed. According to the results presented, Soxhlet 
extraction of sapwood and heartwood with a toluene/etha-
nol mixture yielded an average of 1.4% and 2.3% soluble 
extractives, respectively (Hamada et al. 2018). According to 
Willför et al. (2004) the total amount of hydrophilic extrac-
tives obtained with 95% acetone (v/v, aq) extraction was 

weight in an oven at 105 °C, and results were expressed as 
percentage TEC per dry weight of sample (%, dw).

The TPC was measured by the Folin-Ciocalteu method 
(Albert et al. 2003; Singleton and Rossi 1965). Extracts were 
mixed with 10-fold diluted Folin-Ciocalteu phenol reagent 
(aq) and 0.7 M sodium carbonate solution (aq). The reaction 
mixtures were incubated for two hours and the absorbance 
was then measured at 765 nm in a Perkin-Elmer Lambda 
UV–VIS spectrophotometer. Gallic acid was used as a refer-
ence (Vek et al. 2019); the results in TPC are expressed as 
percentage of gallic acid equivalents (GAE) per dry weight 
of a silver fir sample (% GAE, dw).

2.2.3  Antioxidant properties

The antioxidant capacity of silver fir wood and bark extracts 
was measured according to the protocols described by Hof-
mann et al. (2015b). Colorimetric analyses of antioxidant 
capacities were performed using a Hitachi U-1500 spectro-
photometer (Hitachi Ltd., Tokyo, Japan). Measurements of 
silver fir extracts were performed in two replicates. The final 
results are given as mean with standard deviation.

2.2.3.1  FRAP assay  The FRAP (ferric reducing antioxi-
dant power) assay was run following the method of Benzie 
and Strain (1996) at 593 nm, applying 5 min reaction time 
and using ascorbic acid as standard. Results were expressed 
as mass equivalents of ascorbic acid per dry weight of silver 
fir sample (mg AAE/g dw) (Hofmann et al. 2015b).

2.2.3.2  ABTS assay  The ABTS (2,2’-azino-bis(3-eth-
ylbenzothiazoline-6-sulphonic acid) test was performed 
according to the protocol described by Stratil et al. (2007). 
After 10  min incubation at room temperature, the absor-
bance was determined at 734 nm. Results were expressed 
in milligrams of Trolox equivalents per gram of dry sample 
(mg TE / g dw) (Hofmann et al. 2015b).

2.2.3.3  DPPH assay  The DPPH radical neutralization 
assay was performed by measuring the radical scavenging 
activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) accord-
ing to a modified protocol of Sharma and Bhat (2009). A 
methanolic solution of DPPH with a concentration of 80 
µM/l was used for determination. DPPH reagent (2800 µl) 
was mixed with the sample (200 µl) and the mixture was 
incubated in the dark for 30 min at room temperature. The 
decrease in absorbance at 515 nm was measured. The DPPH 
radical scavenging capacity was expressed in milligrams of 
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17.90–19.18% extractives, respectively. The bark was fur-
ther described as an inexpensive and important source of 
phenols and flavonoids, containing about 95  mg GAE /g 
TPC and 130–175 mg QE /g flavonoids. Compared with the 
results of the present study (28.4–32.1 mg GAE /g TPC), 
the higher results for TPC in the B sample (Butnaru et al. 
2022) could be explained by the composition of the solvent 
mixture and by the fact that the Folin-Ciocalteu reagent can 
also react with compounds that are soluble in less polar sol-
vents than toluene, e.g., resin acids (Harju and Venäläinen 
2006; Karppanen et al. 2007). Although the wood and bark 
of silver fir have been studied extensively for the chemical 
composition of extractives, this review of recent research 
reports clearly shows that only certain tissues of the fir trunk 
have been studied with the chosen extraction technique and 
solvent composition. The present report is the first compara-
tive study to include all categories of silver fir stem tissues 
in one study, i.e., stemwood, knotwood and bark samples 
were extracted together and analyzed in the same manner.

The highest extractive contents were measured in KW 
samples. The extractives content in KW samples was more 
than 11 and 6 times higher than in SW and HW, respectively. 
Compared to SW and HW, much higher TEC and TPC were 
also measured in the B samples (Table 2). KW samples of 
silver fir were also richest in polyphenols, with ratios of 
TPC between KW and other samples even higher than the 
ratios of TEC (Table 2). Comparison of ASE and sonication 
showed that there was not much difference in the extraction 
yield of the studied samples. However, significantly more 
TEC and TPC were extracted from KW with ASE than with 
sonication (Table 2). ASE also proved to be more efficient 
than sonication in extracting hydrophilic compounds (TEC) 
from B samples. In the case of the B samples, the extraction 
technique had no significant effect on the TPC (Table 2). In 
terms of stem tissue, interestingly, higher TEC was obtained 
with sonication than with ASE from both SW and HW, but 
the significance here was not confirmed by statistical analy-
sis (Table 2).

According to Table  3, ASE was more efficient for the 
extraction of polyphenols using aqueous ethanol solution 

0.7, 2.1 and 13–15% (dw) in SW, HW and KW, respec-
tively. These amounts are lower than our measurements; 
however, their samples were washed with hexane (ASE) at 
a higher temperature and pressure prior to extraction with 
acetone, which probably also removed some of the non-
structural compounds that are soluble in acetone. Another 
possible explanation is that methanol and acetone are bet-
ter suited for the extraction of polyphenols from fir bark 
samples. Secoisolariciresinol, lariciresinol and oligolig-
nans have been reported to be abundant in silver fir KW 
samples (Willför et al. 2004). This was also confirmed in 
our preliminary study on the chemical composition of silver 
fir KW extracts (Vek et al. 2021). Significant longitudinal 
variation in extractives content has also been demonstrated 
for silver fir knotwood (Kebbi-Benkeder et al. 2017). In this 
case, the knotwood tissues were extracted sequentially in 
a Soxhlet apparatus using hexane and acetone as solvents. 
Soxhlet extraction of the samples from KW gave on aver-
age about 0.5% - < 2% lipophilic and 17 − 28% acetone 
soluble extractives. In addition to the dominant lignans, viz. 
secoisolariciresinol, hydroxymatairesinol and lariciresinol, 
the authors also found traces of matairesinol and pinoresinol 
in the KW extracts of silver fir (Kebbi-Benkeder et al. 
2017). Similar results were also presented by Gérardin et 
al. (2023), whose KW samples contained 21.64% ethanol-
soluble compounds. Ul’yanovskii et al. (2022) found that 
successive ASE extractions of KW of Siberian fir (Abies 
sibirica) with hexane and acetone (95%, aq) yielded 17.0% 
(dw) of TEC, and the amounts of TEC were significantly 
higher in the knotwood than in the stemwood (3.0%, dw). 
The TEC in KW of Siberian fir was significantly lower 
than the TEC in our KW samples (Table 2). In addition, the 
stemwood of Siberian fir contained comparable amounts 
of TEC to our stemwood samples (Table  2) but it is not 
clear whether either SW or HW or even a mixture of both 
was extracted in that case. In our study, the stemwood tis-
sues were separated and analyzed separately. Butnaru et al. 
(2022) demonstrated that Soxhlet extraction of silver fir 
bark, needles and cones with an ethanol/toluene mixture 
yielded an average of 16.57–17.33%, 28.33–29.30% and 

Table 2  Chemical composition of wood and bark extracts of silver fir (Abies alba Mill.) with total extractive content (TEC) and total phenolic 
content (TPC)
Silver fir ASE extraction Sonication
Sample TEC, % dw TPC, % dw TEC, % dw TPC, % dw

avg SD avg SD avg SD avg SD
Sapwood 2.00 0.57 E 0.65 0.13 d 2.43 0.54 E 0.46 0.11 d
Heartwood 3.56 0.63 E 1.18 0.22 d 4.05 0.77 E 0.96 0.20 d
Knotwood 26.23 2.65 A 10.58 1.07 a 23.07 2.97 B 9.19 1.19 b
Bark 12.41 1.69 C 3.21 0.59 c 10.31 1.79 D 2.84 0.85 c
Results are expressed as percentage of total extractives per dry weight of wood and bark sample (TEC; %, dw) and as percentage of gallic acid 
equivalents (GAE) per dry weight of wood and bark sample (TPC; % GAE, dw). Results are expressed as the mean of the measurements (avg) 
with standard deviation (SD). a - e Different letters within the same column indicate significant differences at a p < 0.05 level
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compounds act as reducing agents and offer hydrogen radi-
cals or electrons (Huang et al. 2005; Stratil et al. 2007). In 
general, these assays are known as rapid and reliable colo-
rimetric methods for measuring antioxidant capacity. How-
ever, they all have some disadvantages, which have already 
been clearly summarized (Frankel and Meyer 2000; Hof-
mann et al. 2015b; Stratil et al. 2007) and which must be 
taken into account when interpreting the results. It is there-
fore advisable to perform at least 3 different methods and 
combine the evaluation of the results for each sample in 
order to obtain comprehensive results.

The antioxidant potential of the extracts was assessed 
using three different assays, all of which have different 
selectivity and reaction mechanisms (Prior et al. 2005; 
Shalaby and Shanab 2013; Sharma and Bhat 2009), so the 
results provide a complex insight into the comprehensive 
antioxidant power of the samples. The highest antioxidant 
capacities were measured with all three assays on KW 
extracts (FRAP: 159.75 mg AAE/g, ABTS: 316.15 mg TE 
/g, DPPH: 189.23  mg TE /g). In the case of Siberian fir, 
excellent antioxidant properties have also been found for 
KW samples (Ul’yanovskii et al. 2022. Lower antioxidant 
capacities were found for the B extracts (FRAP: 159.75 mg 
AAE/g, ABTS: 126.81  mg TE /g, DPPH: 74.52  mg TE 
/g). Butnaru et al. (2022) previously reported that ethanol/
toluene extracts of silver fir bark were good DPPH radi-
cal scavengers but these results were only evaluated on 
the basis of a visible discoloration of the DPPH solutions. 
Water-soluble compounds of silver fir bark were found to 
be potent natural antioxidants tested by DPPH assay and a 
cell-based in vitro assay on primary human peripheral blood 
mononuclear cells (Tavčar Benković et al. 2014). Accord-
ing to the DPPH assay, silver fir bark extracts exhibited a 
significantly higher (91%) antioxidant activity than that of 
maritime pine bark extract (Tavčar Benković et al. 2014). 
The high application potential of silver fir bark extracts in 
nutrition, health and medicine is attributed to the at least 13 
natural antioxidants, phenolic acids (gallic acid, homovanil-
lic acid, protocatechuic acid, p-hydroxybenzoic acid, vanil-
lic and p-coumaric acid), flavonoids (catechin, epicatechin 
and catechin tetramethyl ether) and lignans (taxiresinol, 
7-(2-methyl-3,4-dihydroxytetrahydropyran-5-yloxy)-
taxiresinol, secoisolariciresinol and lariciresinol) (Tavčar 
Benković et al. 2014).

Using FRAP and DPPH assay, the weakest antioxidant 
power was measured in SW (FRAP: 6.80 mg AAE/g, DPPH: 
4.57 mg TE /g) and HW (FRAP: 12.35 mg AAE/g, DPPH: 
10.19 mg TE /g). In the case of ABTS assay, a relatively high 
antioxidant capacity was measured for SW (13.80 mg TE /g) 
and HW (31.50 mg TE /g) extracts compared to B extracts. 
However, it has already been demonstrated that, in addition 
to knotwood and bark extracts, silver fir wood also possesses 

compared to sonication. This difference between extrac-
tion methods in TPC/TEC (%, dw) was particularly evi-
dent for SW and HW samples. It has been described that 
the advantage of ASE extraction, commonly defined as 
subcritical application, is that organic solvents are heated 
above their boiling point during extraction but are main-
tained in a liquid state under high pressure. This increases 
the penetration of the solvent into the sample and enhances 
the desorption of the analyte, resulting in higher overall 
extraction performance with lower solvent consumption 
(Thurbide and Hughes 2000). This may explain the higher 
efficiency of ASE in extracting phenolic compounds from 
cell walls, especially from HW, compared with sonication 
(Table  3). For the extracts of KW and B, the difference 
between the TPC/TEC for ASE and the TPC/TEC for soni-
cation was much smaller. KW samples, i.e., dark colored 
and impregnated wood tissue from branches embedded in 
the tree trunk, were confirmed to be rich in phenolic extrac-
tives. More than 40% of the dried ethanol extract KW was 
ascribed to polyphenols (Table  3). A lower percentage of 
TPC/TEC was measured in HW, SW and B samples, about 
one-third from TEC (Table 3). The results are in good agree-
ment with the report of Tavčar Benković et al. (2017), who 
found that a dried aqueous extract of silver fir branchwood 
consists of 25% TPC (GAE).

3.2  Antioxidant capacity of silver fir wood and bark 
extracts

Plant polyphenols such as flavonoids and lignans are 
referred to as non-enzymatic antioxidants. The inactiva-
tion of oxidants by these reducing agents is described as a 
redox reaction in which one reactive species is reduced at 
the expense of the oxidation of another (Benzie and Strain 
1996; Pietarinen et al. 2006; Rosales-Castro et al. 2012; 
Silva et al. 2014). The colorimetric methods commonly 
used to measure the antioxidant activity of plant extracts are 
based on oxidizing–reducing properties, in which phenolic 

Table 3  Percentage of total phenolic compounds in hydrophilic crude 
extracts (%, w/w) for wood and bark of silver fir. Sapwood, heartwood 
and knotwood of bark samples were extracted by accelerated solvent 
extraction (ASE) and with sonication
Silver fir ASE Sonication
Sample % (TPC/TEC) % (TPC/TEC)
Sapwood 32.66 18.72
Heartwood 33.28 23.80
Knotwood 40.35 39.83
Bark 26.91 27.58
TEC, total extractive content. TPC, total phenol content. The percent-
age (%) of polyphenols in the silver fir extracts obtained is expressed 
as the mean value of the mass ratio (w/w) between the total phenols 
measured (TPC; mg GAE/g dw) and the hydrophilic dry extract 
obtained (TEC; mg/g dw)
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effect on the antioxidant activity. Both extraction methods also 
had similar effects on the antioxidant capacity of the KW and 
B samples, but only when these extracts were analyzed with 
FRAP (Fig.  2). In contrast, the B extracts prepared by ASE 
extraction were found to be significantly better ABTS radical 
scavengers than the B extracts obtained by sonication (Fig. 3). 
In our study, the ASE extracts from KW proved to be the sil-
ver fir extracts with clearly the best DPPH radical scavenging 
activity (Fig. 4).

The antioxidant capacity of wood and bark extracts has 
been explained by the presence of different classes of phe-
nolic compounds (Miranda et al. 2021; Pietarinen et al. 
2006; Rosales-Castro et al. 2012; Willför et al. 2003). Previ-
ous reports have indicated that hydrophilic extracts of silver 
fir bark consist of simple phenolic acids, flavonoids, lignans 
and condensed tannins, viz., prodelphinidins (Bianchi et al. 
2014; Tavčar Benković et al. 2014; Vek et al. 2023), whereas 
the studied wood of silver fir contained mainly lignans, with 

significant antioxidant activity. The latter has been demonstrated 
by both in vitro and in vivo tests (Tavčar Benković et al. 2017; 
Vek et al. 2021). A comprehensive study of antioxidant activi-
ties in vitro and in vivo was conducted by Tavčar Benković et 
al. (2017) using a water extract of silver fir branchwood. They 
found that the branchwood extract exhibited higher antioxidant 
activity in vitro than selected reference antioxidants, i.e., ascor-
bic acid, resveratrol and butylated hydroxytoluene (BHT), and 
similar antioxidant activity to epigallocatechin gallate. Branch 
wood extractives were found to be particularly effective OH 
radical scavengers. The in vivo antioxidant activity of silver 
fir extracts was also confirmed by intracellular assay. The in 
vitro and in vivo antioxidant activities of branchwood extracts 
were explained by the presence of lignans (Tavčar Benković 
et al. 2017). The effects of the chosen extraction technique on 
the antioxidant capacity of the silver fir samples studied are 
shown in Figs. 2, 3 and 4. It can be clearly seen that, for the SW 
and HW samples, the extraction technique had no significant 

Fig. 3  ABTS radical scavenging activity for extracts of 
sapwood (SW), heartwood (HW), knotwood (KW) and 
bark (B) of silver fir prepared with different extrac-
tion methods (sonication (Son) and accelerated solvent 
extraction (ASE)). Results are expressed in Trolox mass 
equivalents per gram of dry sample (mg TE/g dw). a-d, 
Different letters on the bars indicate a significant differ-
ence at the p < 0.05 level

 

Fig. 2  Ferric reducing antioxidant power (FRAP) for sap-
wood (SW), heartwood (HW), knotwood (KW) and bark 
extracts (B) of silver fir prepared with different extraction 
methods (sonication (Son) and accelerated solvent extrac-
tion (ASE)). Results are expressed in ascorbic acid mass 
equivalents per gram of dry sample (mg AAE/g dw). a-c, 
Different letters on bars indicate a significant difference at 
the p < 0.05 level

 

1 3

1486



European Journal of Wood and Wood Products (2024) 82:1479–1490

obtained with ASE and sonication is similar. The extraction 
methods investigated here yielded similar phenolic contents 
and antioxidant activities. The chemical identity of the pheno-
lic compounds contained in the silver fir extracts has already 
been reported (Kebbi-Benkeder et al. 2017; Tavčar Benković 
et al. 2014; Vek et al. 2021, 2023; Willför et al. 2004). To 
obtain more precise information on which isolates and pheno-
lic compounds of silver fir are responsible for the antioxidant 
activity of the extracts, further research activities using appro-
priate sample-prep techniques for purification and the correct 
analytical tools for compound identification are needed. These 
samples should also be tested with other biological tests to 
determine the possible bioactivity of silver fir extractives.

4  Conclusion

This study investigated the antioxidant polyphenol content 
of wet-hearted silver fir stem tissues, including sapwood, 
heartwood, bark and knotwood, to find possible applica-
tions of the tissues of wet-hearted, thus lower grade wood 
logs. Accelerated solvent extraction and ultrasonic extrac-
tion techniques were compared using 80% aqueous ethanol 

a dominance of secoisolariciresinol (Kebbi-Benkeder et al. 
2017; Vek et al. 2021; Willför et al. 2004). However, one of 
the objectives of the present study was to investigate the sta-
tistical relationships between the measured TEC and TPC of 
the extracts obtained by both ASE and sonication and the mea-
sured antioxidant capacities. The results of statistical analysis 
clearly showed a linear model to describe the significant rela-
tionships between the antioxidant capacities and the amount of 
extractives in the fir samples (Table 4). Since the p-values of 
the ANOVA are below 0.001 (Table 4), a significant relation-
ship between the antioxidant capacities (measured by FRAP, 
ABTS and DPPH assay) and the content of silver fir polyphe-
nols was confirmed at a confidence level of 95.0%. Extraction 
of the silver fir wood and bark samples, either with ASE or by 
sonication, revealed a strong correlation between the measured 
TEC and TPC (p ASE, sonication < 0.001, R ASE > 0.980, R sonication 
> 0.988). Our results show that the amount of TEC and TPC 
in the wood and bark extracts obtained by ASE extraction sig-
nificantly described the antioxidant capacity (ANOVA, pASE < 
0.001). These relationships were statistically confirmed for all 
antioxidant tests performed (Table 4). Similar results were also 
characteristic of the silver fir extracts prepared with sonica-
tion (Table 4). This could mean that the quality of the extracts 

Table 4  Relationships (R-squared/coefficient of determination) between total extractive (TEC) and total phenolic content (TPC) of silver fir 
samples (Abies alba Mill.) and antioxidant capacity measured by three colorimetric assays, i.e., FRAP, ABTS and DPPH. A statistically significant 
relationship between extractives content and antioxidant capacity at a confidence level of 95.0% is represented by p-values of less than 0.05. The 
relationships (p, R2) are presented separately for accelerated solvent extraction (ASE 350 system) and sonication

ASE extraction Sonication
Antioxidant TEC TPC TEC TPC
Capacity; assay p R2 [%] p R2 [%] p R2 [%] p R2 [%]
FRAP < 0.001 90.52 < 0.001 96.77 < 0.001 95.00 < 0.001 97.87
ABTS < 0.001 84.57 < 0.001 78.82 < 0.001 81.94 < 0.001 85.56
DPPH < 0.001 97.83 < 0.001 96.59 < 0.001 96.48 < 0.001 95.67
TEC, total extractive content; TPC, total phenol content; FRAP, ferric reducing antioxidant power assay; ABTS, 2,2’-azino-bis(3-ethylbenzo-
thiazoline-6-sulphonic acid) assay; DPPH, 2,2-diphenyl-1-picrylhydrazyl assay

Fig. 4  DPPH radical scavenging activity for extracts of 
sapwood (SW), heartwood (HW), knotwood (KW) and 
bark (B) of silver fir prepared with different extrac-
tion methods (sonication (Son) and accelerated solvent 
extraction (ASE)). Results are expressed in Trolox mass 
equivalents per gram of dry sample (mg TE /g dw). a-d, 
Different letters on bars indicate a significant difference at 
the p < 0.05 level
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